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Abstract 
 
The overactive bladder syndrome with and without urinary incontinence and related 
conditions, signs, and disorders such as detrusor overactivity, neurogenic lower 
urinary tract dysfunction, underactive bladder, stress urinary incontinence, and 
nocturia are common in the general population and have a major impact on the quality 
of life of the affected patients and their partners. Based on the deliberations of the 
subcommittee on pharmacological treatments of the 7th International Consultation on 
Incontinence, we present a comprehensive review of established drug targets in the 
treatment of overactive bladder syndrome and the above-mentioned related 
conditions, and the approved drugs used in its treatment. Investigational drug targets 
and compounds are also reviewed. We conclude that despite a range of available 
medical treatment options, a considerable medical need continues to exist. This is 
largely because the existing treatments are symptomatic and have limited efficacy 
and/or tolerability, which leads to poor long-term adherence. 
 
 
Key words: 
 
Overactive bladder syndrome; underactive bladder syndrome; detrusor overactivity; 
neurogenic lower urinary tract dysfunction; stress urinary incontinence; nocturia; drug 
targets 
 
Significance statement: 
 
Urinary incontinence and related disorders are prevalent in the general population. 
While many treatments have been approved, few patients stay on long-term treatment 
despite none of them being curative. This manuscript provides a comprehensive 
discussion of existing and emerging treatment options for various types of 
incontinence and related disorders. 
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1. Introduction 
 
The function of the lower urinary tract (LUT) is to store and periodically release urine. It 
depends on the peripheral nervous system as sensing and steering mechanisms, the central 
nervous system (CNS) as a coordinating function and the bladder and urethra as a sensing 
and executing function. Final execution occurs by the activity of smooth and striated 
muscles in the bladder, urethra, and pelvic floor; it can be modified in males by the 
structure and function of the prostate, which may lead to increased bladder outlet 
resistance by compressing the urethra. These structures form a functional unit that is 
controlled by a complex interplay between the central and peripheral nervous systems and 
local regulatory factors (Andersson and Michel, 2011; Andersson, 1993; Andersson and 
Wein, 2004; de Groat and Yoshimura, 2001; 2015). Our current understanding of the 
development, function, and biology of the LUT in females and males on a cellular level 
with focus on sex differences has been reviewed recently (Abelson et al., 2018). 
 
Malfunction at various levels may result in LUT control disorders, which roughly can be 
classified as disturbances of filling/storage or those of voiding/emptying. They can also 
be classified in a simplified manner as situations in which the bladder contracts too much 
(detrusor overactivity, DO1) or too little (detrusor underactivity, DU) or in which there is 
too much (for instance due to an enlarged prostate) or too little bladder outlet resistance 
(see section 2.4 for details). A failure to store urine, whether due to malfunction of the 
bladder, it’s outlet or a combination of both, may lead to various forms of urinary 
incontinence (mainly urgency urinary incontinence (UUI) and stress urinary incontinence 
(SUI)). A failure to empty can lead to urinary retention, which may in principle be a result 
of too much bladder outlet resistance and/or DU, both resulting in an underactive bladder 
syndrome (UAB). A failure to empty may paradoxically also lead to a form of 
incontinence, overflow incontinence. Related disorders include the overactive bladder 
syndrome (OAB), which is defined by the presence of urgency, with or without 
incontinence, usually accompanied by urinary frequency and nocturia (Abrams et al., 
2002) and, in children, enuresis.  
 
All of these conditions share that they have only minor impact on morbidity and mortality 
except recurrent urinary tract infection (UTI) and renal failure due to severe voiding 
dysfunction, but cause a major reduction in quality of life (QoL) of afflicted patients 
(Benner et al., 2009; Irwin et al., 2008b) and their partners (Mitroupoulos et al., 2002). 
These conditions share parts of their pathophysiology and, accordingly, treatment.  
 
Many drugs have been tested for the treatment of LUT disorders; some of them have led 
to treatments helpful to millions of patients, but the results have often been disappointing, 
partly due to poor treatment efficacy and/or side effects. The development of 
pharmacologic treatment of the different forms of urinary incontinence has been slow in 
the past decade, but several promising targets and drug principles have been identified 
(Abreu-Mendes et al., 2020; Andersson et al., 2017; Andersson, 2016; De Nunzio et al., 
2021; Peyronnet et al., 2019). Against this background we will shortly summarize key 
evidence on the physiology and pathophysiology of urine storage and voiding (section 2), 
discuss established drug targets (section 3), clinically used drugs for the treatment of 
OAB (section 4) and for specific other LUT disorders including neurogenic LUT 

                                                 
1 The abbreviation DO is used in this manuscript to designate increased non-voiding acitivity of the 
detrusor in general, not necessarily the urodynamically defined diagnosis in humans. 
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dysfunction (section 5), UAB (section 6), SUI (section 7), nocturia and enuresis (section 
8) and finally emerging drugs and drug targets (section 9). 
 
This article is an update of the report from the 2016 consensus meeting of the 
International Consultation of Incontinence meeting (Andersson et al., 2017). The most 
relevant information obtained since the last meeting is reviewed and summarized. Agents 
specifically used for treatment of male LUT symptoms (LUTS) related to benign prostatic 
hyperplasia (BPH), of UTI and of bladder pain syndrome/interstitial cystitis (BPS/IC) 
have not been included. We use the terminology recommended by the International 
Continence Society (ICS) (Drake, 2018). 
 

1.1. Publication searches 
 
This manuscript is based on the deliberations of the subcommittee on pharmacological 
treatments of the 7th International Consultation on Incontinence, which in turn provided a 
major update of its report at the 6th International Consultation of Incontinence held in 
2016 (Andersson et al., 2017). The update is based on a comprehensive search of major 
literature databases and the abstract books from several major conferences: American 
Urological Association, ICS, European Association of Urology, International 
Urogynaecological Association, International Consultation of Incontinence, and Societé 
Internationale d’Urologie. There were no restrictions on the inclusion of publications by 
language; publications in languages other than English were translated into English by the 
authors. The systematic literature searches were completed by summer of 2021. 
 

2. Bladder physiology and pathophysiology 
 
The urinary bladder includes a specialized region called trigone that is defined as the 
region between the ureteric offices and the internal urethral office. Its innervation and 
expression pattern for various receptors differs from that of the rest of the bladder, 
hereafter referred to as bladder  body. Together with the urethra (and the prostate in 
males) the trigone constitutes bladder outflow region or outflow tract. Other than 
being a physiologically specialized region of the bladder (see below), the trigone has 
clinical relevance for the administration of botulinum toxin (BoNT; see sections 4.7 
and 5.5). 
 

2.1. Central nervous control 
 
The physiological micturition reflex in adult individuals provides a coordinated 
contraction of the detrusor smooth muscle and relaxation of the bladder outlet tract in 
response to bladder filling. It is mediated by a spinobulbospinal pathway that passes 
through relay centers in the brain (Figures 1-2). In infants, the central pathways seem 
to be organized as on-off switching circuits, but, voiding is initiated voluntarily by the 
cerebral cortex after the age of 4-6 years (Beckel and Holstege, 2011; Lovick, 2016). 
Some areas in the brainstem and diencephalon have specifically been implicated in 
micturition control, including Barrington's nucleus also known as the pontine 
micturition center (PMC) in the dorsomedial pontine tegmentum (Fowler et al., 2008). 
Thy directly excite bladder motoneurons and indirectly inhibit urethral sphincter 
motoneurons of Onuf’s (Onufrowicz’s) nucleus via interneurons in the medial sacral 
cord. Other structures involved in micturition control are the cerebellum (Bastide and 
Herbaut, 2020) and the periaqueductal grey (PAG) (Zare et al., 2019). The cerebellum 
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modulates the micturition reflex, participates in the bladder sensory-motor 
information processing, and is involved in the reflex micturition modulation through 
direct or indirect pathways to major brainstem or forebrain centres. The PAG receives 
bladder filling information, and the pre-optic area of the hypothalamus is probably 
involved in the initiation of micturition. PET-scan and functional imaging studies in 
humans have shown that these supraspinal regions are active during micturition 
(Athwal et al., 2001; Blok et al., 1998; Deruyver et al., 2016; Griffiths, 2007; Griffiths 
and Tadic, 2008; Griffiths, 2011; Groenendijk et al., 2021; Hruz et al., 2008; Mehnert 
et al., 2008; Nour et al., 2000; Tadic et al., 2008). 
 

2.2. Peripheral nervous control  

Bladder emptying and urine storage involve a complex interaction of efferent and afferent 
signaling in parasympathetic, sympathetic, somatic, and sensory nerves (Beckel and 
Holstege, 2011; Ikeda, 2021; Kim et al., 2019b). Thy form reflex pathways that either 
keep the bladder in a relaxed state to enable urine storage at low intravesical pressure, or 
that initiate micturition by relaxing the outflow region and contracting the bladder smooth 
muscle. Contraction of the detrusor smooth muscle and relaxation of the outflow region 
result from activation of neurons located in the sacral (S2-S4) parasympathetic nucleus in 
the spinal cord (Beckel and Holstege, 2011; Ikeda, 2021; Kim et al., 2019b). The 
postganglionic parasympathetic neurons from the pelvic nerves mediate the excitatory 
input to the detrusor smooth muscle by releasing acetylcholine (ACh), that acts on 
muscarinic acetylcholine receptors. An atropine-resistant component also exists; while 
this is prominent in many animal species, it only becomes functionally and 
morphologically important in the human bladder under pathophysiological conditions 
(see below). The pelvic nerve also conveys parasympathetic fibers to the outflow region 
and the urethra. The inhibitory effect of these fibers relaxes the outflow region. This is 
probably mediated partly by release of nitric oxide (NO) (Andersson and Persson, 1993), 
although other transmitters might be involved (Hashimoto et al., 1993; Werkström et al., 
1995). 
  
The sympathetic innervation of the bladder and urethra mostly originates from the 
intermediolateral nuclei in the thoraco-lumbar region (T10-L2) of the spinal cord (Beckel 
and Holstege, 2011). Their axons reach the bladder either via the hypogastric nerves 
through the inferior mesenteric ganglia or as part of the pelvic nerves through the 
paravertebral chain. Thus, both the hypogastric and pelvic nerves carry the sympathetic 
signals (Andersson, 1993; Ikeda, 2021).  
 
The sympathetic innervation of the LUT mostly inhibits the parasympathetic pathways at 
spinal and ganglion levels (demonstrated in animals) and mediates contraction of the 
bladder base and urethra (shown in animals and humans, see (Andersson, 1993; Ikeda, 
2021)). Although the adrenergic innervation of the bladder body is considered to be 
sparse, it is believed to directly inactivate contractile mechanisms of the detrusor. 
Electrical stimulation of the detrusor in vitro releases noradrenaline (norepinephrine)  and 
leads to relaxation of the detrusor muscle (Andersson, 1993). 
 
The pudendal nerves provide the somatic innervation of the urethral rhabdosphincter and 
of some perineal muscles (for example compressor urethrae and urethrovaginal sphincter) 
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(Beckel and Holstege, 2011; Ikeda, 2021). Thy originate from sphincter motor neurons in 
Onuf´s nucleus of the sacral spinal cord (levels S2-S4). 
 
The sensory innervation of the bladder and urethra mostly reaches the spinal cord via the 
pelvic nerves and dorsal root ganglia but some afferents travel in the hypogastric nerve 
(De Wachter, 2011; Ikeda, 2021; Kanai and Andersson, 2010). The sensory innervation 
of the rhabdosphincter occurs from the pudendal nerves to the sacral spinal cord 
(Andersson, 1993). The afferent signals involved in the micturition mostly travel via 
myelinated Aδ-fibers and unmyelinated C-fibers in the pelvic nerve to convey 
information from the bladder wall to the spinal cord. The Aδ-fibers convey information 
on bladder filling by responding to passive distension and active contraction (Jänig and 
Morrison, 1986). In contrast, the C-fibers primarily respond to chemical irritation of the 
bladder mucosa (Häbler et al., 1990) or to cold (Fall et al., 1990)and have a high 
mechanical threshold . The C-fiber afferents exhibit spontaneous firing when the bladder 
is empty following chemical irritation, and increased firing during bladder distension 
(Häbler et al., 1990). They are normally inactive and are, therefore, termed ‘silent fibers’ 
(de Groat and Yoshimura, 2001; 2015).  
 

2.3. Bladder contraction 

The contraction of detrusor smooth muscle is triggered by a transient rise of the 
intracellular Ca2+ concentration ([Ca2+]i), initiated by release of Ca2+ from intracellular 
stores and/or influx of extracellular Ca2+ via L-type and T-type Ca2+ channels (Figure 3) 
(Andersson and Arner, 2004; Frazier et al., 2008; Malysz and Petkov, 2020a). 
Parasympathetic post-ganglionic nerves release transmitters including ACh and adenosine 
trisphosphate (ATP), a process driven by descending fibers coming from S2-S4 levels of 
the spinal cord, to elicit coordinated contraction of the bladder. The physiological bladder 
contraction in humans is mediated mainly through ACh acting on muscarinic receptors in 
the detrusor muscle, which can be blocked by atropine (Andersson and Arner, 2004). 
Atropine resistance, i.e., contraction of isolated bladder strips by electrical nerve 
stimulation despite presence of atropine, occurs in most animal species, but seems to be 
of little importance in healthy human detrusor (Andersson, 1993; Bayliss et al., 1999; 
Burnstock, 2014; Rapp et al., 2005; Rouget et al., 2014; Ruggieri, 2006).  
 
These atropine-resistant contractions, also referred to as non-adrenergic, non-cholinergic 
(NANC) contractions apparently are mainly caused by ATP (Andersson, 1993; 
Andersson and Wein, 2004; Bayliss et al., 1999; Kennedy et al., 2007). ATP acts on two 
families of purinergic receptors, that belong to the ion channel (P2X) and the G-protein-
coupled receptor family (P2Y); these include seven subtypes of P2X and eight of P2Y 
receptors (Alexander et al., 2021; Illes et al., 2021). Various studies in rabbit, cat, rat, and 
human have indicate that multiple purinergic receptors are present in the bladder 
(Andersson, 2015b; Burnstock, 2013; de Groat and Yoshimura, 2001; Ford and 
Cockayne, 2011; Ford and Undem, 2013; North and Jarvis, 2013). Immunohistochemical 
studies with antibodies for different P2X receptors reported that P2X1 receptors are the 
dominant subtype in rat detrusor and bladder vascular smooth muscle. Purinergic 
receptors are also found in parasympathetic ganglia, afferent nerve terminals, and 
urothelial cells (de Groat and Yoshimura, 2001). P2X3 receptors have been identified in 
small-diameter afferent neurons in dorsal root ganglia and in the suburothelial plexus of 
the bladder and ureter wall. The reduction of afferent activity induced by bladder 
distension in P2X3 knockout mice demonstrates the physiological relevance of these 
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receptors (Burnstock, 2013; Cockayne et al., 2000; Ford and Cockayne, 2011; Ford et al., 
2006; Ruggieri, 2006). These data establish a role of purinergic receptors in 
mechanosensory signaling in the urinary bladder. 
 
The relative role of atropine resistance increases in morphologically and/or functionally 
changed bladders (Rapp et al., 2005) including conditions such as bladder hypertrophy 
(Sjögren et al., 1982), interstitial cystitis (Palea et al., 1993), neurogenic bladders 
(Wammack et al., 1995), and the aging bladder (Yoshida et al., 2001). However, the 
importance of the contribution of NANC components to detrusor contraction in vivo 
remains to be established (Andersson, 2006; Fry and McCloskey, 2021).  
 
Small spontaneous contractions can be observed in strips isolated from the bladder 
wall of both animals and humans. These contractions are mirrored by small transient 
increases of intravesical pressure in isolated whole bladders. These pressure 
movements are not coordinated; they are autonomous, with a non-neurogenic origin 
and thus intrinsic to detrusor smooth muscle itself, but they can be modulated or 
initiated by stretch of the bladder wall and by local factors. Large pressure variations 
can occur in pathologically changed animal bladders in vivo. Several not mutually 
exclusive theories have been advanced for the origin of such spontaneous 
contractions: myogenic, neurogenic or urotheliogenic; they have been extensively 
discussed (Fry and McCloskey, 2019). Further characterization of these spontaneous 
contractions is required for the understanding of normal bladder compliance during 
filling and the pathophysiology of DO (Fry and McCloskey, 2019). 
 
The urothelium can release neurotransmitters and modulators such as ACh, ATP, NO, 
prostaglandins (PG), neuropeptides and nerve growth factor (NGF) (Guan et al., 2017; 
Sellers et al., 2018). In addition, several studies have reported the existence of 
urothelium-derived inhibitory and contractile factors of unknown chemical identity in 
the urinary bladder. These factors exert both excitatory and inhibitory effects in 
modulating urinary tract motility and may also affect function and growth of smooth 
muscle cells and afferent nerves. The urothelium of the human proximal urethra can 
generate sensory input through a cross-talk between paraneuronal cells releasing 
serotonin embedded in the urethral urothelium and sub-urothelial sensory fibers 
expressing 5HT serotonin receptors (Sellers et al., 2018). 
 
The morphology and function of the urothelium can undergo changes with 
physiological aging and in many pathophysiological conditions (Sellers et al., 2018). 
This may contribute to the therapeutic effects of established drugs to treat LUT 
dysfunction and may also serve as a target for novel therapeutics. 
 

2.4. Pathogenesis of LUT disorders  

Two general categories of LUT disorders exist, those of filling/storage and those of 
voiding. Storage problems can occur because of weakness or anatomical defects in the 
bladder outlet to cause SUI. It can also occur if the detrusor is overactive, as in OAB. 
The reported prevalence of LUT disorders depends on the diagnostic criteria being 
applied , but a study applying the ICS definition of 2002 (Abrams et al., 2002)  
reported that, the overall prevalence of OAB in computer assisted telephone 
interviews (the EPIC study) was 11.8% with similar rates in men and women and an 
increase with age in both genders (Irwin et al., 2006). While a similar telephone 
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survey in Canada found a comparable prevalence of OAB (Herschorn et al., 2008), a 
Finnish study, taking into account bother, reported a much lower prevalence of 
clinically meaningful OAB (Vaughan et al., 2011). The prevalence of OAB increases 
with age. 
 
The symptomatic diagnosis of OAB is often assumed to be caused by DO, which in 
humans according to ICS definitions is a urodynamic diagnosis (Abrams et al., 2002); the 
term DO is used more loosely related to animal studies where it often is used 
synonymously with non-voiding contractions. Of note, not all OAB patients exhibit DO 
upon urodynamic investigation (Digesu et al., 2003; Hyman et al., 2001; Peyronnet et al., 
2019). Moreover, storage symptoms can also occur independent of OAB, for instance in 
the context of large amounts of urine production and/or as overflow incontinence in BOO 
and/or UAB as exemplified in a recent animal study (Yu et al., 2022).  
 
DO/OAB can have multiple causes including a sensitization of afferent nerve terminals in 
the bladder or its outlet region, supersensitivity of the bladder smooth muscle to ACh 
secondary to denervation, or consequent upon damage to the CNS inhibitory pathways; 
the latter can be seen in neurological disorders, such as cerebrovascular disease, multiple 
sclerosis (MS), brain tumors, Parkinson’s disease, and spinal cord injury (SCI) 
(Andersson and Pehrson, 2003; Apostolidis et al., 2018; Hamid et al., 2018; Peyronnet et 
al., 2019; Sakakibara, 2019). The pathophysiology of OAB, which may be refractory to 
treatment, include occult neurogenic bladder, undetected bladder outlet obstruction 
(BOO), urethral-related OAB, urothelial dysfunction with aging, chronic bladder 
ischemia, chronic bladder inflammation, central sensitization, and autonomic dysfunction 
(Chen and Kuo, 2019). The urinary microbiota may contribute to the sensitization of 
afferents nerves by releasing excitatory compounds including ATP (Abbasian et al., 
2019). 
 
LUT dysfunction can be accompanied by processes such as fibrosis, hypertrophy and/or 
inflammation of the bladder. Fibrosis inherently limits the ability of muscle tissues to 
relax and thus may pathophysiologically lead to a reduced functional bladder capacity, as 
reported for instance in animal models of BOO (Myers et al., 2009). Similarly, 
hypertrophy (Braverman and Ruggieri, 2003) and inflammation of the bladder 
(Andersson et al., 2012) may alter its contractile responses to stimuli such as muscarinic 
receptor agonists.   
 
Urinary retention and overflow incontinence can be observed in patients with bladder 
outlet obstruction (e.g., prostatic enlargement), decreased detrusor contractility, or both), 
neural injury, and/or diseases that damage nerves (e.g., diabetes mellitus), or in those who 
are taking drugs that depress the neural control of the bladder or bladder smooth muscle 
directly and/or inhibit bladder outlet opening during voiding. 
 
Nocturia is presently defined by the ICS as the “number of times urine is passed during 
the main sleep period; having woken to pass urine for the first time, each urination must 
be followed by sleep or the intention to sleep” (D'Ancona et al., 2019). This deviates from 
an earlier ICS definition that had been based on waking up at night because of a need to 
void (Abrams et al., 2002). This change of definition has implications for the prevalence 
and extent of nocturia. Irrespective of definition, the presence of nocturia should 
preferentially be quantified using a bladder diary (Hashim and Drake, 2018). Nocturia is a 
frequent symptom of OAB and BPH but can also occur in the context of various non-
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urological conditions including diabetes, heart failure, renal failure, and sleep apnea or be 
related to behavioral factors such as amount and timing of fluid intake, particularly for 
caffeinated or alcoholic beverages (Schneider et al., 2009). However, recent data suggest 
that such comorbidities contribute only little to the nocturia occurring in men with LUTS 
(Michel et al., 2020b). In several of these etiologies, the occurrence of nocturia often 
involves a limited secretion of vasopressin leading to nocturnal polyuria (NP) (Rembratt 
et al., 2006; Swithinbank et al., 2004), which is defined as “passing large volumes of 
urine during the main sleep period. This should be quantified using a bladder diary” 
(Hashim and Drake, 2018). Nocturia leads to a decreased QoL (Kupelian et al., 2011; 
Kupelian et al., 2012; Torimoto et al., 2021), and has been associated with both increased 
morbidity and mortality (Kupelian et al., 2011; Kupelian et al., 2012; Nakagawa et al., 
2010; Pesonen et al., 2020). While it remains largely unknown in which fraction of 
patients nocturia can indeed be explained by too little vasopressin, the presence of NP in 
the absence of behavioral factors explaining it (such as excessive fluid intake) is usually 
considered as an indication that a (relative) lack of vasopressin may exist. Nocturia is 
related to enuresis occurring in children. While ≥2 nocturia episodes per night have a 
major adverse effect on QoL (Schneider et al., 2009), up to one episode per night 
typically has little effect (Tikkinen et al., 2010). Moreover, nocturia impairs working 
capacity, probably due to insufficient sleep, and is associated with an increased number in 
falls and fractures (Cornu et al., 2012; Schneider et al., 2009). 
 

3. Established drug targets 
 

3.1. Muscarinic receptors 
 
ACh, whether released from parasympathetic nerves or generated non-neuronally, acts on 
two classes of receptors, the nicotinic and the muscarinic receptors (Alexander et al., 
2021). The former play a role in the signal transduction between neurons or between 
neurons and skeletal muscle (e.g., in the distal urethra), whereas the latter are relevant for 
the propagation of signals between parasympathetic nerves and smooth muscle (Abrams 
and Andersson, 2007). Importantly, ACh is not necessarily derived only from 
parasympathetic nerves but can also be formed and released non-neuronally by other cell 
types, in the bladder the urothelium (Kummer and Krasteva-Christ, 2014; Yoshida et al., 
2008). Five mammalian subtypes of muscarinic receptors have been cloned (Caulfield 
and Birdsall, 1998). They are grouped into M1, M3 and M5 on the one and M2 and M4 on 
the other hand based upon protein structure and preferred signal transduction pathways. 
The M1, M3 and M5 receptors prototypically couple via pertussis toxin-insensitive Gq 
proteins to stimulation of a phospholipase C followed by elevation of [Ca2+]i and 
activation of a protein kinase C, whereas the M2 and M4 receptors typically couple via 
pertussis toxin-sensitive Gi proteins to inhibition of adenylyl cyclase and modulation of 
several ion channels (Caulfield and Birdsall, 1998). However, exceptions from these 
prototypical signaling pathways have been reported outside the LUT, e.g., in transfected 
cell lines (Schmidt et al., 1995). 
 
mRNA for all five subtypes of muscarinic receptors has been detected in the mammalian 
bladder (Abrams et al., 2006a; Hegde, 2006), but studies at the protein level, e.g. based 
upon radioligand binding, have typically detected only M2 and M3 receptors, with the 
former dominating quantitatively (Abrams et al., 2006a; Andersson, 2011c; Goepel et al., 
1998; Hegde, 2006; Mansfield et al., 2005). The results of radioligand binding studies in 
tissue homogenates are probably dominated by the expression of subtypes in detrusor 
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smooth muscle. However, muscarinic receptors have also been detected in the 
urothelium, where M2 and M3 subtypes also dominate (Bschleipfer et al., 2007; 
Leonhäuser et al., 2019; Ochodnicky et al., 2012; Zarghooni et al., 2007). Muscarinic M3 
receptor protein has also been reported in bladder interstitial cells (IC) (Grol et al., 2011). 
On the other hand, muscarinic receptors can also exist pre-junctionally where they 
modulate neurotransmitter release. Pre-junctionally inhibitory receptors in the bladder 
have been classified as M2 in the rabbit and rat, and as M4 in the guinea-pig, rat and 
human, and a mixture of M2 and M4 in the mouse (Andersson, 2011a; D'Agostino et al., 
1997; Trendelenburg et al., 2005). In contrast, pre-junctional facilitatory receptors appear 
to be of the M1 subtype in the rat and rabbit urinary bladder, but have also been detected 
in human bladders (Braverman et al., 1998a). The muscarinic facilitatory mechanism 
seems to be upregulated (M3 receptors) in overactive bladders from chronic spinal cord 
transected rats.   
 
While the detrusor expresses far more M2 than M3 receptors at the protein level (Abrams 
et al., 2006a; Andersson, 2011c; Goepel et al., 1998; Hegde, 2006; Mansfield et al., 
2005), it appears that the physiological detrusor contraction is largely if not exclusively 
mediated by the M3 receptor based on organ bath experiments with subtype-selective 
agonists and antagonists (Chess-Williams et al., 2001; Fetscher et al., 2002; Hegde et al., 
1997; Kories et al., 2003; Schneider et al., 2004a; Schneider et al., 2004b; Witte et al., 
2011) or on knock-out mice (Ehlert et al., 2007; Matsui et al., 2002; Matsui et al., 2000; 
Stengel et al., 2002). M2 receptor-selective stimulation causes little contraction under 
physiological conditions (Schneider et al., 2005b) but appears to mainly inhibit β-
adrenoceptor (AR)-mediated detrusor relaxation (Ehlert et al., 2007; Hegde et al., 1997; 
Matsui et al., 2003). However, one group has repeatedly presented evidence that M2 
receptors may directly elicit bladder contraction under pathological conditions 
(Braverman et al., 2006; Braverman et al., 1998a; Braverman et al., 1998b; Braverman 
and Ruggieri, 2003; Braverman et al., 2002) but this has not been confirmed by other 
investigators using distinct methodological approaches (Schneider et al., 2005a; 
Schneider et al., 2005b). Studies in the bladder (Cernecka et al., 2014; Michel and Sand, 
2009) and in several other tissues (Dale et al., 2014) have observed that β-AR agonists 
including β3-selective agonists are less potent and/or efficacious in causing relaxation 
when tested against muscarinic receptor agonists as compared to a variety of other 
contractile stimuli. Thus, muscarinic receptors make it harder to cause relaxation than 
other contractile stimuli, an effect apparently involving both M2 and M3 receptors (Witte 
et al., 2011). 
 
It had been believed that muscarinic receptor-mediated contraction is largely mediated by 
an activation of phospholipase C (Ouslander, 2004) because this is the prototypical 
signalling response to stimulation of M3 receptors (Caulfield and Birdsall, 1998), which 
has also been found in the bladder (Kories et al., 2003),. However, it now appears clear 
that, at least in rats, mice and humans, muscarinic receptor-mediated bladder contraction 
occurs largely independent of phospholipase C (Frazier et al., 2007; Schneider et al., 
2004a; Schneider et al., 2004b; Wegener et al., 2004). This is in line with recent 
observations that the presumed Gq/11 inhibitor, YM-254-890 inhibited muscarinic agonist-
induced contractions in human bladder less effectively than contractions of human 
prostate (Tamalunas et al., 2022). Rather, alternative signalling pathways such as opening 
of L-type calcium channels and activation of a rho-kinase appear to contribute to 
muscarinic receptor-mediated bladder contraction in a major way (Frazier et al., 2008). 
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The role of muscarinic receptors in the urothelium has largely been studied indirectly, for 
instanceby studies using removal of the urothelium or administering pharmacological 
inhibitors. They indicate that muscarinic stimulation releases an as yet chemically 
unidentified factor from the urothelium that inhibits detrusor contraction and, 
accordingly, was named urothelium-derived inhibitory factor (Birder, 2010; Dalghi et al., 
2020; Hawthorn et al., 2000; Sellers et al., 2018). Muscarinic receptors in the urothelium 
may partly act by releasing NO (Andersson et al., 2009) and/or, under conditions of 
bladder distension/stretching, ATP (Young et al., 2012). These data indicate that 
urothelial muscarinic receptors may contribute to the regulation of detrusor function but 
their specific roles in health and disease have not been fully established.   
 
Based on the role of muscarinic receptors in detrusor contractions as part of physiological 
voiding, it has been explored whether bladder dysfunction could be caused by an 
overactivity of the muscarinic receptor system. Possible mechanisms could involve an 
enhanced expression of muscarinic receptors and/or an increase of their responsiveness. 
Studies in human detrusor strips isolated from the bladder of patients with idiopathic and 
neurogenic overactivity found an increased sensitivity to muscarinic receptor stimulation 
(Stevens et al., 2006). However, most studies suggests that the muscarinic receptor 
system is not hyperactive under conditions of DO and may even be hypoactive (Michel 
and Barendrecht, 2008). Obviously, this does not exclude a physiological activity of ACh 
and muscarinic receptors to DO during bladder filling (see below). Moreover, the 
contribution of muscarinic mechanisms to the overall regulation of bladder contractility 
appears to decrease under pathological conditions in favour of NANC mechanisms (Rapp 
et al., 2005; Yoshida et al., 2001; Yoshida et al., 2008). A reduced relative role of 
muscarinic receptors in pathophysiological settings may help to explain the moderate 
efficacy of muscarinic receptor antagonists relative to placebo in controlled clinical 
studies (Buser et al., 2012; Chapple et al., 2008; Novara et al., 2008; Reynolds et al., 
2015; Shamliyan et al., 2008). However, it cannot explain why other therapeutic 
mechanisms such as stimulation of β3-AR clinically have shown similarly limited 
efficacy in comparison to placebo. 
 

3.2. β-Adrenoceptors 
 
The bladder body is only sparsely innervated by sympathetic nerves. Their density 
increases toward the bladder neck, which has a dense sympathetic innervation, 
particularly in males (Gosling et al., 1999). Sympathetic nerve endings also occur in 
the lamina propria of the bladder, only some of which are related to the vascular 
supply, but their functional role remains to be fully understood (Gosling et al., 1999). 
 
β-AR dominate over α-AR in the human detrusor, with an order of abundance of β > 
α2 >> α1 and the amount of α1-AR is too small for a reliable quantification; the 
situation is different in the trigone, and may differ between species for both (Michel 
and Vrydag, 2006). Accordingly, the primary response of the detrusor to 
noradrenaline is relaxation. Based on animal studies, the limited role of  α-AR in 
normal human detrusor contraction may change in pathophysiological conditions, for 
example bladder outlet obstruction, parasympathetic decentralization, and overactive 
bladder. 
 
The relaxant effect of noradrenaline on the detrusor can be exerted both pre- and post-
junctionally (Amark et al., 1986). Stimulation of α2-ARs on cholinergic neurons may 
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lead to a decreased release of acetylcholine. β-ARs including β3-AR also exist pre-
junctionally, including those on cholinergic neurons, but their functional role has 
remained controversial (Okeke et al., 2017). Since β-ARs dominate over α-ARs post-
junctionally in the bladder (Andersson and Wein, 2004; Nomiya and Yamaguchi, 
2003), the net effect of noradrenaline in the detrusor is relaxation through stimulation 
of β-ARs. Thus, stimulation of β-AR, in humans mostly β3-AR, appears to promote 
bladder relaxation during filling. Of note, this does not necessarily imply a role of β-
AR during normal filling. This is supported by findings that sympathectomy has no 
distinct effect on bladder filling, and neither has blockade of β1- and β2-ARs 
(Andersson and Wein, 2004), although the latter may reflect that human detrusor 
relaxation is largely mediated by β3-AR.  
 

3.2.1. Expression of β-ARs in the bladder 
 

3.2.1.1.mRNA level 
 
All three β-AR subtypes are expressed at the mRNA level in the urinary bladder 
(Michel and Vrydag, 2006). While initial studies on relative abundance of subtype 
mRNA have indicated that β3-AR account for more than 95% of all β-AR mRNA in 
the human detrusor (Nomiya and Yamaguchi, 2003), a later study based on whole 
bladder rather than detrusor reported a comparable expression of all three subtypes 
(Uhlen et al., 2015). A similar abundance of all three subtypes has also been reported 
in whole rat bladder (Barendrecht et al., 2009). In situ hybridization studies have 
localized expression of β3-AR mRNA in the human detrusor (Takeda et al., 1999). 
However, the predictive value of β3-AR mRNA for presence of functional receptor 
protein remains uncertain as the predominant presence in detrusor smooth muscle 
remains controversial at the protein level (see section 3.2.1.2). 
 

3.2.1.2.Protein level 
 
The detection of AR subtypes can in principle be based on radioligand binding studies 
(including autoradiography) or on antibody-based approaches. Radioligands with high 
affinity and specificity for β3-AR became available only recently (van Wieringen et 
al., 2013). Other radioligands preferentially label β1- and β2-AR and corresponding 
data, depending on assay conditions have technically been challenging to interpret 
(Schneider and Michel, 2010) or failed to detect β3-AR (Michel and Vrydag, 2006). 
The latter studies suggested that β2-ARs are much more abundant than β1-ARs. 
 
Antibody-based approaches including immunohistochemistry have the potential for 
high selectivity in detecting AR subtypes and mapping them to distinct morphological 
structures. However, most reported β-AR subtype antibodies lack specificity or have 
not been tested for it under stringent conditions. Some antibodies have been found to 
have some degree of selectivity for β3-AR (Cernecka et al., 2012; Chamberlain et al., 
1999; De Matteis et al., 2002; Guillaume et al., 1994) but the degree of selectivity is 
only moderate and may depend on application being used (i.e., histochemistry vs. 
immunoblotting) and be limited to certain species. Moreover, even minor differences 
in applied methods may lead to differences in detecting β-AR subtypes (Jositsch et al., 
2009). 
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Recent immunohistochemistry studies in the human bladder illustrate this: Despite 
using the same antibodies, some investigators detected β3-AR in smooth muscle fibers 
and, to a lesser extent, in urothelium and suburothelium (Silva et al., 2017), whereas 
others found them colocalized with the vesicular ACh transporter and primarily in 
nerve fibers in the mucosa and muscular layers of the bladder but not in urothelium or 
smooth muscle (Coelho et al., 2017). Based on other antibodies, β3-AR expression 
was detected to a greater extent in urothelium than smooth muscle of the human 
bladder and also in sub-urothelial myofibroblast-like cells, intramural ganglions, 
Schwann cells and intramural nerves (Limberg et al., 2010). Thus, the cellular 
localization of β3-AR in the human bladder remains at least partly controversial. This 
is unfortunate because a robust understanding of the cell types expressing β3-AR in 
the bladder could guide an understanding which cell types contribute to the clinical 
effects of β3-AR agonists. 
 

3.2.2. Roles of β-ARs in the bladder physiology and pathophysiology 
 
Limited evidence indicates that pathophysiological states do not cause major changes 
in β-AR subtype mRNA expression in the detrusor (Barendrecht et al., 2009; Nomiya 
and Yamaguchi, 2003). Accordingly, relaxant effects of β3-AR in samples of  patients 
with BOO and BOO with DO were similar (Svalo et al., 2013), which is in line with 
findings from various animal models (Michel and Barendrecht, 2008). We here 
discuss such findings initially based upon cell types (sections 3.2.2.1-3.2.2.5) and then 
integrate them specifically for the pathophysiology of OAB (section 3.2.2.6). 
 

3.2.2.1.Detrusor smooth muscle 
 
β-AR-mediated relaxation of the human detrusor is mediated predominantly, if not 
exclusively, by β3-AR; however, this appears to be species dependent with similar 
contributions of β2- and β3-AR involved in rats and β2-AR even dominating in mice 
(Michel and Vrydag, 2006; Propping et al., 2016). Such species differences can 
complicate extrapolation from animal data to humans. In addition to causing smooth 
muscle relaxation, β-AR agonists can also counteract contraction elicited by 
stimulation of other receptors such as muscarinic receptors (Ehlert et al., 2007; 
Klausner et al., 2009). In this regard, studies in rat bladder show that β-AR agonists 
are more potent and/or more effective against any contractile stimulus other than 
muscarinic agonists (Cernecka et al., 2014; Michel and Sand, 2009). Similar 
observations have been made in smooth muscle from several other tissues (Dale et al., 
2014). Accordingly, β3-AR agonists may preferentially inhibit detrusor contractions 
by pathological stimuli such as bradykinin, but largely be sparing those mediated by 
muscarinic receptors involved in physiological voiding (Igawa et al., 2019). β-AR 
agonists including those selective for β3-AR typically induce only partial relaxation 
against contraction induced by a muscarinic receptor agonist (Cernecka et al., 2014; 
Huang et al., 2022). 
 
It has been generally considered that β3-AR agonists can relieve OAB symptoms by 
relaxing detrusor muscle, inhibiting spontaneous contractile activity in the detrusor (in 
vitro: micro-contractions; in vivo: non-voiding contractions), and reducing bladder 
afferent activity (Figure 4) (Aizawa et al., 2012a; Biers et al., 2006; Gillespie et al., 
2012; Hatanaka et al., 2013a; Igawa et al., 2019; Igawa and Michel, 2013; Michel and 
Igawa, 2015; Takasu et al., 2007b). Whether this primarily or even exclusively occurs 
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directly at the level of the detrusor smooth muscle cells, remains unclear (see section 
3.2.2.6).  
 
It has been believed that β-AR induce detrusor relaxation in most species by 
activation of adenylyl cyclase with the subsequent formation of cAMP, but adenylyl 
cyclase inhibitors had only small if any effects on relaxation responses; in contrast, 
there is evidence suggesting that K+ channels, particularly BKCa channels, may be 
more important in β-AR-mediated detrusor relaxation than cAMP (Frazier et al., 
2005; Frazier et al., 2008; Hudman et al., 2000; Uchida et al., 2005). Potency and 
efficacy at stimulating cAMP formation via β1‐, β2‐, and β3‐AR for each of the 
compounds mentioned in this section is summarized in Table 1 (Igawa et al., 2019). 
 

3.2.2.2. Urothelium 
 
The urothelium plays an active role in the regulation of bladder function: it senses 
input from its environment by virtue of expressing receptors for various stimuli and 
releasing neurotransmitters in response to those stimuli (Birder and Andersson, 2013; 
Sellers et al., 2018). All three β-AR subtypes are expressed in the urothelium and/or 
isolated urothelial cells at the mRNA level (Ochodnicky et al., 2012; Otsuka et al., 
2008; Tyagi et al., 2009a). Based on immunohistochemical studies, β3-AR may be 
more abundant in the urothelium than in the detrusor; nonetheless, they may be 
functionally less important as compared to urothelial β2-AR, which appear more 
relevant for the regulation of urothelial function (Sellers et al., 2018). The stimulation 
of urothelial β3-AR leads to release of NO to modulate afferent nerves and release of 
urothelial-derived inhibitory factor to modulate detrusor function (Figure 4) (Igawa et 
al., 2019). 
 

3.2.2.3. Suburothelial interstitial cells 
 
The bladder suburothelium consists of various cell types including microvessels, 
sensory nerve endings and IC) (Figure 4). They appear to play a role in 
mechanosensitivity of the bladder (Neuhaus et al., 2020) and in spontaneous detrusor 
activity (Fry and McCloskey, 2019). A similar level of β3-AR expression at the 
protein level in IC and detrusor smooth muscle cells has been suggested (Otsuka et 
al., 2013), but these data are difficult to interpret based on poor validation of the 
antibody being used. Suburothelial IC may be a possible origin of spontaneous 
contractile activity of the mucosa, for instance in guinea pigs and pigs (Igawa et al., 
2019). It has been proposed that hyperactivity of bladder afferent nerves may at least 
partly result from spontaneous contraction of the mucosa, and that β3-AR agonists can 
inhibit spontaneous contractile activities by acting on IC (Aizawa and Igawa, 2017). 
This would be consistent with the observation that the β3-AR agonist mirabegron 
lowered non-voiding contractions in rats with bladder outlet obstruction (BOO) 
(Gillespie et al., 2012). However, these data would not align with observations that 
β3-ARs in the human bladder were primarily located in smooth muscle with a more 
limited expression in the urothelium and suburothelium (Silva et al., 2017). While 
these conflicting data need to be resolved, most findings are in line with a theory in 
which a urothelium-associated sensory web links bladder sensory function (Apodaca, 
2004). 
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3.2.2.4. Afferent nerves 
 
Two types of afferent nerve fibers are found in the bladder, which differ in 
morphology, localization, and function: The myelinated Aδ-fibers appear to dominate 
in the detrusor and may mainly be involved in physiological sensing of bladder filling. 
In contrast, the unmyelinated C-fibers are found in the detrusor and the lamina propria 
(including IC) and are largely involved in the sensing of pathophysiological signals 
(de Groat, 2004; Gabella and Davis, 1998; Ouslander, 2004; Vera and Nadelhaft, 
2000). Morphological studies suggest a presence of β3-ARs in bladder afferent nerves 
(Coelho et al., 2017) as well as in the major pelvic ganglion in rats (Eastham et al., 
2015). Functional studies in normal rats demonstrated that the β3-AR agonist 
mirabegron can inhibit the mechanosensitive Aδ-fibers, which may be related to its 
suppression of bladder micro-contractions (Aizawa et al., 2012a). Furthermore, 
afferent activities of both Aδ- and C-fibers were intermittently enhanced by 
propagation of bladder myogenic micro-contractions in BOO rats (Aizawa et al., 
2017), which suggests a possible involvement of β3-AR on neural circuits in the 
regulation of afferent outflow and sensation (Figure 4) (Igawa et al., 2019). 
 

3.2.2.5. Bladder vasculature 
 
It is increasingly recognized that hypoperfusion of the bladder may play a causative 
role in functional disorders of the LUT (Azadzoi et al., 2007; Michel et al., 2015; 
Thurmond et al., 2016), which makes blood vessels supplying the bladder as a 
potential target for the treatment of LUTS. Although the regulation of vascular tone 
has traditionally been attributed to β2-AR, β3-AR can contribute to such regulation in 
various vascular beds (Bhadada et al., 2011). Accordingly, initial reports indicate that 
β3-AR agonists can improve bladder function in animal models of LUTS based on 
experimental atherosclerosis and ischemia (Bayrak et al., 2015; Sawada et al., 2013). 
Whether this at least partly reflects direct effects on bladder perfusion or a generally 
beneficial effect of β3-AR agonists on bladder function, remains to be explored. 
 

3.2.2.6. Possible roles in pathophysiology of OAB 
 
While β3-AR agonists have proven beneficial in OAB patients, the cellular 
mechanisms mediating this remain unclear. While a primary effect on detrusor 
smooth muscle has long been considered, the potency of the β3-AR agonist 
mirabegron in isolated human detrusor strips is lower than peak plasma levels 
obtained at therapeutically active doses. Most studies using isolated detrusor strips 
have reported a potency of mirabegron for causing relaxation in the low micromolar 
range (Igawa and Michel, 2013). On the other hand, plasma concentrations observed 
upon therapeutic doses of mirabegron do not exceed 100 nM (Krauwinkel et al., 
2012). This discrepancy may indicate that the cellular target of β3-AR agonists in the 
treatment of OAB may not be the detrusor smooth muscle cells (Eastham et al., 2015) 
but rather one or more different cell types including urothelial cells, IC, efferent, 
afferent neurons, the major pelvic ganglion and/or blood vessels supplying the urinary 
bladder (Figure 4) (Okeke et al., 2017). 
 
Mirabegron had high potency for inhibiting the nerve stimulation-evoked contraction 
and ACh-release in human bladder preparations, with EC50 value of 123 nM and 129 
nM, respectively (D'Agostino et al., 2015), i.e., it is at least 10-fold more potent for 
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these effects than for producing direct relaxation of human detrusor smooth muscle. 
This observation is in line with a recent immuno-histochemistry study on human 
bladder tissue reporting β3-AR expression only on cholinergic nerve fibers, but not on 
urothelial or smooth muscle cells (Coelho et al., 2017). These findings may lead to the 
hypothesis that β3-AR agonists act, at least in part, by inhibiting ACh release from 
cholinergic, most probably parasympathetic, nerve terminals through a prejunctional 
mechanism (Coelho et al., 2017). However, another study found that β3-ARs are 
diffusely distributed among detrusor smooth muscle cells, but are not present on 
cholinergic nerve fibers, while adenosine A1 receptors were predominantly expressed 
on cholinergic nerve fibers (Silva et al., 2017). Furthermore, both isoprenaline and 
mirabegron decreased ACh release induced by electrical field stimulation in a human 
detrusor preparation, which was prevented by β3-AR antagonists and 
dipropylcyclopentylxanthine, an adenosine A1 antagonist (Silva et al., 2017). These 
findings suggest that the decrease in ACh release induced by isoprenaline or 
mirabegron did not necessarily occur via β3-ARs located in the nerve ending but 
rather indirectly by intermediate formation of adenosine and subsequent activation of 
A1 inhibitory receptors (Figure 5). However, it remains to be clarified whether such 
inhibition of ACh release occurs exclusively indirectly via adenosine formation and 
A1 adenosine receptor activation or whether it may also involve a neuronally 
expressed β3-ARs (Igawa et al., 2019).Of note, this discussion relates to the cellular 
mechanism but does not question the clinical efficacy of β3-AR agonists. 
 
The purinergic system has long been recognized as a regulator of bladder function 
(see section 2.3). While it is physiologically active in most animal species, its role in 
healthy humans is limited but becomes more prominent under pathophysiological 
conditions (Rapp et al., 2005). Recent work on detrusor strips from men with and 
without BOO indicates that the stimulation of purinergic receptors not only directly 
promotes detrusor contraction but also facilitates cholinergic hyperactivity(Silva-
Ramos et al., 2020). This work suggests that the endogenous purinergic ATP may 
mostly cause micro-contractions but has a limited role in voiding contractions of the 
bladder. 
 
It has been demonstrated in women with OAB that an increase in localized contractile 
activities (micro-contractions) developed during occurrence of urinary urgency 
without apparent increasing of intravesical pressure (Drake et al., 2005). Cystometric 
studies in a decerebrated rat model demonstrated that intravesical administration of 
mirabegron increased inter-voiding intervals and compliance and decreased the 
amplitude of non-voiding contractions (Sadananda et al., 2013).  
 
Studies monitoring bladder mechanosensitive single-unit afferent activity in rats 
found that the activity of both Aδ- and C-fibers decreased after mirabegron-
administration in a dose-dependent manner, which was more pronounced for Aδ-
fibers than C-fibers; moreover, such inhibition of afferent activity appeared to occur 
concomitantly with a decrease in bladder pressure fluctuation (micro-contractions), 
whereas bladder compliance did not change from the baseline value in a statistically 
significant manner (Aizawa et al., 2012a). These authors further confirmed in an 
isovolumetric condition that mirabegron at 0.3 mg/kg suppressed micro-contractions 
concomitantly with Aδ-fibers activity but not C-fiber activity (Aizawa et al., 2015).  
CL316,243 (10 μg/kg intravenously, another β3-AR agonist) also reduced Aδ-fiber, 
but not C-fiber activity during bladder filling. Intravesical instillation of PGE2 
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increased C-fiber but not Aδ-fiber activities. Pretreatment with CL316,243 inhibited 
the increase in C-fiber activity induced by PGE2 (Aizawa et al., 2010). A recent report 
on monitoring bladder mechanosensitive single-unit afferent activity in rats with BOO 
showed a higher number of micro-contractions and a lower activity of Aδ-fibers, 
whereas the activity of both Aδ- and C-fibers were intermittently enhanced by micro-
contractions. These phenomena may contribute to the development of OAB 
symptoms associated with BOO (Aizawa and Igawa, 2017). 
 
In conclusion, inhibition of urgency by β3-AR agonists may include multiple 
mechanisms such as relaxation of detrusor muscle/decrease of bladder tone; inhibition 
of micro-contractions/Aδ-fiber activity; and inhibition of urotheliogenic afferent 
activation-C-fiber activity (Igawa et al., 2019). 
 

3.2.3. β-ARs in the urethra 
 
While we are not aware of studies demonstrating β-AR mRNA expression in the 
urethra, recent immunohistochemical studies have suggested the presence of β3-ARs 
in the human female urethra, which was found in the epithelial layer of all parts but 
highest in the mid urethra (Kummeling et al., 2020). This finding provides a 
mechanistic basis for reports that β3-AR agonists, including the clinically used 
mirabegron, can cause relaxation of the urethral smooth muscle of several animal 
species and humans (Alexandre et al., 2016; Yamanishi et al., 2003). How such in 
vitro findings relate clinical observations in patients with LUTS remains to be 
determined, particularly as mirabegron may at least partly act in the urethra by α1-AR 
antagonism (Alexandre et al., 2016; Huang et al., 2021; Michel, 2016; U.S. Food and 
Drug Administration, 2012). 
 

3.2.4. β-ARs in the prostate 
 
All three β-AR subtypes are expressed in the prostate at the mRNA and protein level, 
but precise quantitative information on their relative contribution is lacking (Michel 
and Vrydag, 2006). While earlier studies concluded that relaxation of human prostate 
was primarily mediated by β1- and β2-AR, more recent findings with mirabegron 
suggest a role for β3-AR (Calmasini et al., 2015). However, more recent data suggest 
that such inhibition, at least in human detrusor, may not be mediated by β3-AR 
(Huang et al., 2022). Such findings could provide a mechanistic basis for ongoing 
evaluation of β3-AR agonists in the treatment of LUTS suggestive of benign prostatic 
hyperplasia.  
 

3.2.5. In vivo studies 
 
Most in vivo studies of β3-AR agonists on bladder function have been performed in 
rats and mice. They have demonstrated increases of bladder capacity with little effect 
on micturition pressure or the residual volume (Fujimura et al., 1999; Hicks et al., 
2007; Kaidoh et al., 2002; Takasu et al., 2007b; Takeda et al., 2002; Woods et al., 
2001).  
 

has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 14 March 2023 as DOI 10.1124/pharmrev.121.000523 This article

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 24

3.3. α1-Adrenoceptors 

Three subtypes of α1-AR designated α1A , α1B , and α1D exist (Hieble et al., 
1995). Bladder α1-AR are mainly found in the smooth muscle of the bladder base and 
proximal urethra, whereas few if any functional α1-AR are found in the detrusor; 
nordadrenaline-induced contraction of the bladder base and urethra is mediated by α1-
AR (Michel and Vrydag, 2006). A substantially greater expression of α1-AR is found 
in the human prostate. As in other tissues, prostate α1-AR primarily couple to 
activation of phospholipase C to yield inositol-trisphosphate and diacylglycerol that in 
turn lead to elevation of intracellular Ca2+ and activation of protein kinase C, 
respectively (Kim et al., 2003). Recent research has identified several additional steps 
in the signaling cascade of prostatic α1-AR, including the GTPase rac 1 (Wang et al., 
2015a), ADP ribosylation factor 6 (Erdogan and Michel, 2022; Yu et al., 2019), Polo-
like protein kinases (Hennenberg et al., 2018) or serine/threonine kinase 16 (Li et al., 
2020b). The rhoA/rho-kinase pathway also is involved in prostatic contraction elicited 
by α1-AR agonists (Takahashi et al., 2007). While not explored directly, a similar 
situation is likely to also exist in the bladder trigone. As in the prostate, α1-AR also 
stimulate smooth muscle contraction in the urethra, which similarly results in an 
increase in bladder outlet resistance (Michel and Vrydag, 2006). While the latter has 
been explored experimentally (Blue et al., 2004; Yoshiki et al., 2013) and clinically 
(Musselman et al., 2004) relative to the treatment of SUI, such effects were not 
considered sufficiently promising on efficacy and tolerability grounds to lead to 
further clinical testing. The adrenergic smooth muscle contraction within the human 
LUT is largely mediated by the α1A subtype, whereas the role of other α1-AR subtypes 
is less certain (Michel and Vrydag, 2006).  
 
Proposals for stimulation of prostate cell proliferation by α1-AR agonists (Kojima et 
al., 2009) or induction of apoptosis by α1-AR antagonists (Chon et al., 1999) appear to 
have limited relevance for two reasons: Firstly, the apoptosis effects seen with high 
concentrations of certain α1-AR antagonists such as doxazosin apparently are 
unrelated to their α1-AR antagonism and rather reflect an ancillary property related to 
their quinazoline chemical structure (Kyprianou et al., 2009). Second and more 
importantly, treatment with α1-AR apparently does not lead to changes in prostate size 
as compared to placebo (Sakalis et al., 2021). Therefore, it remains unlikely that α1-
AR ligands modulate LUT function beyond their effects on prostate and urethral 
smooth muscle. 
 

3.4. Vasopressin receptors 
 
Vasopressin, also known as anti-diuretic hormone, serves two main physiological 
functions: it elicits contraction of vascular smooth muscle and stimulates water 
reabsorption in the renal medulla both ultimately promoting elevations of blood 
pressure. These effects are mediated by two major subtypes, namely the V1 and V2 
receptors (Alexander et al., 2021). The V2 subtype mediates the anti-diuretic effects of 
vasopressin. Genetic or acquired defects in making and secreting vasopressin lead to 
central diabetes insipidus, and genetic defects in the gene encoding the V2 receptor 
can cause nephrogenic diabetes insipidus (Insel et al., 2007). Therefore, decreased 
vasopressin levels are believed to be important in the pathophysiology of polyuria, 
specifically nocturnal polyuria (NP), which can lead to symptoms such as nocturia 
(Matthiesen et al., 1996; Weiss et al., 2011a; Weiss and Everaert, 2019). While it 
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remains largely unknown in what fraction of patients nocturia is explained by too 
little vasopressin, the presence of NP in the absence of identifiable medical conditions 
that can explain it (e.g., excessive fluid intake) is usually considered to indicate 
decreased vasopressin levels (Bosch and Weiss, 2010; Weiss et al., 2011b). Based 
upon these considerations, vasopressin receptor agonists have been used to treat 
nocturia, both in children and in adults (Weiss and Everaert, 2019). 
 

3.5. Steroid hormone receptors 
 
The of bladder, urethra and pelvic floor are estrogen-sensitive tissues . This includes 
the functional layers of the urethra,  urothelium, vasculature, connective tissue, and 
muscle. Both α and β types of estrogen receptor exist in the bladder trigone, urethra 
and vagina and in pelvic floor (levator ani muscles, fascia and ligaments) (Copas et 
al., 2001; Gebhart et al., 2001; Smith et al., 1990). Expression of the estrogen receptor 
α after menopause varies depending upon exogenous estrogen therapy (Fu et al., 
2003). Moreover, exogenous estrogens can reduce the total collagen content and its 
cross-linking in both continent and incontinent women, leading to remodeling of the 
urogenital tissues (Falconer et al., 1998; Keane et al., 1997). Estrogens also increase 
vascularity in the peri-urethral plexus in animals and humans, which can be assessed 
as vascular pulsations on urethral pressure profilometry (Endo et al., 2000; Robinson 
et al., 1996), or by using doppler velocimetry and immunohistochemistry staining 
(Kobata et al., 2008; Yura et al., 2020). Of note, these studies are based on females 
and comparable results on males are lacking. 
 

3.6. Enzymes 

Two enzyme families have been proposed as targets for the treatment of LUTS, the 
phophodiesterases (PDE), particularly PDE5, and the cyclooxygenases (COX). COX 
inhibitors have meanwhile been shown not to be an ineffective treatment of  OAB 
(Andersson et al., 2017) and are not further discussed here. 
 

3.6.1. PDE 
 
The PDE are a family of enzymes encoded by 11 gene families that differ in mode of 
activation, expression pattern, and substrate specificity (Beavo, 1995; Ückert et al., 
2006a). Some of them preferentially hydrolyze either cAMP or cGMP leading enhanced 
activity of cAMP- and cGMP-dependent pathways, respectively (Ückert et al., 2006a). 
Based on these differentiating properties they play distinct roles in LUT tissues including 
prostate, bladder, urethra, and penis. Their roles in the prostate (Truss et al., 2001) and the 
penis, particularly for the treatment of erectile dysfunction (Andersson, 2011b), have been 
reviewed previously and will not be discussed here as they do not contribute to 
incontinence and related disorders. Human bladder tissue expresses mRNA for PDE 1A, 
1B, 2A, 4A, 4B, 5A, 7A, 8A, and 9A (Ückert et al., 2006b). The expression and 
biological activity of PDE5 appear to be highest in the bladder but was also reported in 
the prostatic urethra; in contrast, PDE5 abundance in the prostate is low, and prostatic 
cultures exhibited low sensitivity to vardenafil (Fibbi et al., 2010).  
 
Transmitters, paracrine factors and xenobiotics stimulating the formation of cAMP relax 
smooth muscles including those of the detrusor (Andersson and Arner, 2004; Andersson 
and Wein, 2004) although this may not be the only or even main mechanism how they 
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relax LUT smooth muscle (Frazier et al., 2008). Drugs acting through the NO/cGMP 
system can relax smooth muscle of the bladder outflow region (Andersson and Arner, 
2004; Andersson and Wein, 2004) but only poorly do so in the detrusor (see below). This 
principle has been exploited to treat male LUTS assumed to be caused by BPH/benign 
prostatic obstruction (BPO) (Truss et al., 2001) and erectile dysfunction (Andersson, 
2011b) with PDE5 inhibitors. Direct stimulators of soluble guanylyl cyclase have been 
proposed as drugs for treatment for BPH/LUTS patients refractory to PDE5 inhibitors 
(Monica and Antunes, 2018). More relevant for incontinence and related disorders are the 
effects of PDE inhibitors in the bladder and urethra. 
 
Isolated detrusor muscle from humans (Truss et al., 2000) or rats (Frazier et al., 
2005)responds poorly to agents stimulating or mimicking the NO/cGMP system. 
However, papaverine, vinpocetine (a low affinity inhibitor of PDE1), and forskolin (a 
receptor-independent stimulator of cAMP generation) increases in cyclic nucleotide 
levels and relaxed human detrusor, indicating that the cAMP pathway and PDE1 
contribute to the regulation of detrusor tone (Truss et al., 2001). cAMP analogues also 
concentration-dependently relaxed isolated human detrusor (Truss et al., 2001). 
 
PDE4 inhibitors reduced the in vitro contractions of guinea pig (Longhurst et al., 1997) 
and rat (Kaiho et al., 2008) bladder strips and suppressed rhythmic bladder 
contractions of the isolated guinea pig and rat bladder (Gillespie, 2004; Nishiguchi et 
al., 2007), indicating a role for this enzyme in the control of bladder smooth muscle 
tone. Selective pharmacological inhibition of PDE4 increased the frequency of Ca2+ 
sparks and the activity of BK channels; this led to the attenuation of detrusor smooth 
muscle excitability and contractility and suggested that PDE4 isoforms might be 
valuable therapeutic targets for the treatment of OAB (Xin et al., 2014). In rats with 
BOO, the PDE4 inhibitor roflumilast effectively decreased non-voiding contractions 
and smooth muscle disruption, particularly in combination with the PDE5 inhibitor 
tadalafil (Balog et al., 2019).  
 
One study evaluated in vitro the effect of the combination of the β-AR agonist, BRL 
37344, with PDE5 inhibitor tadalafil or the PDE4 inhibitor rolipram in rats with and 
without chronic L-NAME treatment (Linhares et al., 2018). They found that the 
inhibitory effects of rolipram, but not tadalafil, were enhanced by BRL 3744, and 
suggested that PDE4 inhibition when associated with ß3-AR stimulation, could 
represent a potential treatment for OAB. The difference between rolipram and 
tadalafil may be explained by the former preferentially inhibiting the breakdown of 
cAMP (implied in the mechanism of action of ß-AR agonists), whereas the latter 
preferentially inhibits the breakdown of cGMP. 
 
Sildenafil, a PDE5 inhibitor, caused relaxation of human detrusor muscle apparently 
involved cGMP-, cAMP- and K+-channel-dependent signaling pathways, with a minor 
contribution from NO (Oger et al., 2010). Sildenafil and the α-blocker doxazosin reduced 
adrenergic tone of prostatic and cavernosal smooth muscle and their combination was 
more effective than either alone (Oger et al., 2008). Several in vivo studies have 
demonstrated effects of PDE5 inhibitors on the regulation of micturition. Vardenafil, 
another PDE5 inhibitor, reduced non-voiding detrusor contractions and afferent nerve 
firing in unanesthetized, decerebrated SCI rats, indicating potential mechanisms by which 
PDE5 inhibitors could improve storage symptoms in SCI patients (Behr-Roussel et al., 
2011). Therefore, a cGMP-dependent inhibition of rhoA/rho kinase signaling may be 
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involved reduction of DO by vardenafil as shown in spontaneously hypertensive rats 
(Morelli et al., 2010; Morelli et al., 2009). Data from fructose-fed rats indicate that 
tadalafil improved DO (Lee et al., 2021). 
 
Acute vardenafil administration reduced bladder hypoxia in spontaneously hypertensive 
rats (Morelli et al., 2010). Similarly, tadalafil increased prostate tissue oxygenation in this 
model of DO, and human vesicular deferential artery is characterized by a high 
expression and activity of PDE5, which was inhibited by tadalafil in vitro (Morelli et al., 
2011). Improvement of blood flow to the LUT has been suggested by others (Cellek et al., 
2014), and this has been supported by studies in animals with chronic bladder ischemia 
(Nomiya et al., 2013). Thus, PDE5 inhibition may positively affect urinary bladder 
perfusion, which could provide an additional mechanism to improve bladder symptoms. 
 
The NO/cGMP signaling pathway is involved in the regulation of the micturition reflex, 
with an action that seems more dominant on the sensory than the motor component of this 
reflex (Caremel et al., 2010).  In obstructed human and rat bladder, an upregulation of 
NOS isoforms, PDE5 and PDE4A was reported (He et al., 2020). A reduced relaxation 
responses to sodium nitroprusside and an exaggerated PDE5 inhibition effect has been 
reported in obstructed bladder tissue. The authors suggested that upregulation of PDE5 
could contribute to the lack of effect on Qmax for BPH/LUTS patients treated with PDE5 
inhibitors. A rich PDE4 and PDE4A expression was described in nerve fibers of the 
smooth muscle layer of pig and human bladder outflow region (Agis-Torres et al., 2018). 
The PDE4 inhibitor, roflumilast, approved for the treatment of severe chronic obstructive 
pulmonary disease, produced a much more potent smooth muscle relaxation than that 
induced by tadalafil in that study. They concluded that PDE4 inhibition and subsequent 
increased neuronal cAMP facilitates NO- and H2S-mediated bladder neck inhibitory 
neurotransmission. Roflumilast also improved bladder function in rats with diabetic (Ding 
et al., 2019) and obesity-related (Ding et al., 2017) bladder dysfunction. 
 
Low-dose sildenafil increased bladder compliance, increased pelvic nerve afferent 
activity, and augmented the bursting activity of the external urethral sphincter (Ito et al., 
2019) suggesting that actions of the PDE5 inhibitor on afferent traffic and sphincter 
control may contribute to its beneficial actions to restore storage and voiding efficiency in 
LUT dysfunction. Sildenafil selectively inhibited ATP release from nerve terminals in the 
detrusor smooth and the urothelium in rats with SCI (Chakrabarty et al., 2019). 
 
A smaller number of studies has focused on a role for PDE inhibition in the urethra. NO 
increases cGMP levels and causes relaxation of urethral smooth muscle (Andersson and 
Arner, 2004). One study explored the effects of isoprenaline, PGE1 and E2, and sodium 
nitroprusside on the contraction and cAMP and cGMP content in the rabbit urethra and 
concluded that both cyclic nucleotides can produce relaxation of the urethra (Morita et al., 
1994). Others have characterized the distribution of PDE5, cGMP and protein kinase G1 
in pig and human urethra and evaluated the effect of pharmacological inhibition of PDE5 
in isolated smooth muscle preparations (Werkström et al., 2006). Stimulation with the NO 
donor, DETA NONO-ate, increased the cGMP-immunoreactivity in urethral and vascular 
smooth muscles. cGMP- and vimentin-positive IC were widely distributed between 
urethral smooth muscle bundles in pigs. PDE-5 immunoreactivity was found within the 
urethral and vascular smooth muscle cells, but also in vascular endothelial cells. were 
enhanced at Low concentrations of sildenafil, vardenafil and tadalafil augmented nerve-
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induced relaxations of urethral preparations, whereas high concentrations had direct 
smooth muscle relaxant actions .  
 

3.7. Peripheral ACh release 
 
Prejunctional nerve endings of parasympathetic nerves express subtypes of 
muscarinic receptors and α2- and β-AR that may modulate ACh release (see section 
3.1 and 3.2.2.6). This section will address the mechanism of action of BoNT, 
specifically its subtype A (BoNT/A) as the only BoNT with an approved therapeutic 
use in the LUT.  
 
The neurotoxin BoNT is produced by Clostridium botulinum. BoNT/A has the longest 
duration of action among the seven subtypes of BoNT, making it is the most relevant 
clinically. BoNT/A consists of a heavy and a light chain linked by a disulphide bond. 
Four BoNT/A subtypes have been identified that differ by up to 15% in their amino 
acid composition. The amino acid sequence of the BoNT/A light chain constitutes a 
catalytic Zn-dependent endopeptidase domain. The heavy chain is subdivided into 
three portions (HN, HCN, and HCC), but their function has been clarified for only 
two of them. The HCC is associated both with the recognition of neuronal-specific 
areas and toxin internalization. The HN is responsible for translocation of the light 
chain from synaptic vesicles into the neuronal cytoplasm. BoNT/A binds 
predominately to the isoform C of the synaptic vesicle protein or SV2 (SV2C) in the 
synaptic cleft (Dolly and Lawrence, 2014; Dong et al., 2006) or to the FGF Receptor 
3 (Jacky et al., 2013) by the heavy chain. The importance of the latter toxin acceptor 
is still unclear. 
 
BoNT/A initially binds polygangliosides, resulting in an increased density of the toxin 
on the neuronal membrane (Figure 6). This step increases the chance of the heavy 
chain to interact with the protein acceptor SV2, predominately the isoform C (SV2C), 
expressed in the interior of the synaptic vesicles when they open on the neuronal 
surface to release the neurotransmitters (Dolly and Lawrence, 2014). Then, 
internalization of the synaptic vesicles for recycling carriages BoNT/A into the nerve 
terminal (Figure 6). Acidification occurring inside the synaptic vesicles leads to the 
separation of the two chains. The light chain translocates into the cytosol, where it 
cleaves one of the attachment proteins involved with the mechanism of fusion of 
synaptic vesicles to the cytoplasmatic membrane necessary for neurotransmitter 
release. The attachment proteins (soluble N-ethylmaleimide sensitive fusion 
attachment protein receptor; SNARE) include the synaptosome-associated protein of 
25 kDa (SNAP 25), synaptobrevin (vesicle associated membrane protein), and 
syntaxin. BoNT/A cleaves SNAP-25 in the nine C-terminal amino acids of the protein 
thereby inactivating the SNARE complex (Dolly and Lawrence, 2014; Humeau et al., 
2000). SV2 and SNAP-25 have been found in parasympathetic, sensory fibers and 
sympathetic of the human bladder (Coelho et al., 2010). Based on 
immunohistochemistry data, the expression of SV2 and SNAP-25 is by far stronger in 
parasympathetic nerves. 
 
BoNT/A is available in various commercial forms that have been assigned distinct non-
proprietary names: onabotulinum toxin A (onabotA) for Botox, abobotulinum toxin A 
(abobotA) for Dysport, and incobotulinum toxin A (incobotA) for Xeomin. Prosigne is 
the proprietary name of a BoNT/A produced in China, for which a non-proprietary name 

has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 14 March 2023 as DOI 10.1124/pharmrev.121.000523 This article

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 29

has not yet been assigned. These forms differ based on the proteins in which the toxin is 
wrapped, which leads to distinct molecular weights (onabotA is a 900 kDa molecule, 
abobotA is approximately 500 kDa and incobotA is a 150 kDa molecule), and relative 
potencies (Cruz, 2014).  
 
The current approved method to estimate the potency of a BoNT/A brand is the 
mouse LD50; that is, the mass of toxin (expressed in ng/kg of body weight) that kills 
50% of mice. More recently, a cell-based potency assay was approved specifically for 
onabotulinum toxin assay which uses differentiated human neuroblastoma SiMa cells 
and replicates all steps in BoNT/A mechanism of action. The assay measures the 
BoNT/A-dependent intracellular increase of cleaved SNAP-25. The EC50, that is, the 
concentration of toxin required to provoke a response halfway between the baseline 
and maximum response for onabotA, is about 1–0.4 U per well (Fernández-Salas et 
al., 2012). Nevertheless, the relative potency of each brand intended for bladder 
application may require additional investigations, as tissue physiology may alter the 
efficacy and metabolism of the different BoNT/A. A study in the mice compared the 
capacity of 1 U of onabotA and 1 U of abobotA injected in the bladder wall to cleave 
SNAP25. The average number of cleaved SNAP-25 positive fibers was higher after 
onabotA, suggesting a conversion ratio between onabotA and abobotA around 1:1.6 
(Oliveira et al., 2017). On the other hand, studies carried in the skeletal muscle 
suggest that onabotA is roughly three times more potent than abobotA and equivalent 
to incobotA. Therefore, without specific dose finding studies for each brand estimated 
equivalences should be approached with caution. 
 
Following BoNT/A injection in the guinea-pig bladder wall almost all 
parasympathetic fibers express cleaved SNAP-25 (Coelho et al., 2012b). The 
evidence of such cleavage explains the inhibition of ACh release from the rat bladder 
during electrical stimulation (Smith et al., 2003). Accordingly, the bladder of both 
normal and SCI animals treated with BoNT/A exhibit less bladder contractions during 
electrical stimulation of spinal nerves (Ikeda et al., 2012). Thus, impairment of Ach 
release from cholinergic motor nerve endings in the detrusor mimics that described in 
striated muscle (Humeau et al., 2000). However, subsequent events, degeneration of 
cholinergic endings associated with the accumulation of non-released synaptic 
vesicles followed by axonal sprouting and cholinergic nerve regeneration reported in 
the striated muscle (de Paiva et al., 1999) was not observed in the detrusor 
(Haferkamp et al., 2004). 
 
About half of the peptidergic sensory fibers of the human bladder express SV2 and 
SNAP25 (Coelho et al., 2010). Cleaved SNAP-25 was found in the guinea pig bladder 
following BoNT/A injection (Coelho et al., 2012b). BoNT/A inhibits the release of 
glutamate, substance P (SP) and CGRP from sensory nerves in the spinal cord (Aoki, 
2005; Meng et al., 2007; Purkiss et al., 2000) and that of neuropeptides at the 
peripheral extremities (Ikeda et al., 2012; Lucioni et al., 2008; Rapp et al., 2006). In 
addition, BoNT/A compromises the trafficking of TRPV1 from intracellular vesicles 
to the neuronal membrane, as this process depends on SNARE proteins (Morenilla-
Palao et al., 2004; Shimizu et al., 2012). This explains the decrease in the 
suburothelial immunoreactivity for TRPV1 (and by analogy P2X3 receptors) 
observed in the human bladder after the toxin injection (Apostolidis et al., 2005b). All 
of these mechanisms may be involved in reduced firing of afferent bladder fibers 
upon BoNT/A administration (Ikeda et al., 2012). 
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Human bladder sympathetic fibers express SV2 and SNAP-25 (Coelho et al., 2010). 
This observation agrees with a decrease in noradrenaline release from the bladder 
tissue in rats after BoNT/A application (Smith et al., 2003). 
 
Immunohistochemical studies did not observed SV2 and SNAP-25 expression in the 
human bladder urothelium (Coelho et al., 2010). Immunoblot analysis showed SNAP-
25 but not SV2 expression in isolated human urothelial cells (Hanna-Mitchell et al., 
2015). Another SNARE protein, SNAP-23 was identified in human urothelial cells by 
both methods (Cruz, 2014; Hanna-Mitchell et al., 2015). BoNT/A inhibited urothelial 
ATP release in animals with SCI (Khera et al., 2004; Smith et al., 2008; Vemulakonda 
et al., 2005). BoNT/A does not alter the expression of urothelial sensory protein 
expression in SCI patients despite inducing a relevant clinical improvement (Chen et 
al., 2019). 
 
Cleaved SNAP-25 appears rapidly in the guinea-pig bladder after BoNT/A injection, 
where a robust presence of the inactive protein was detected already after 12 h and a 
maximum intensity was observed after 24 h. Almost all preganglionic and 
postganglionic parasympathetic fibers,  expressed the cleaved SNAP-25 while only 
half of the sensory and sympathetic fibers expressed the cleaved protein at these time 
points. In guinea pigs cleaved SNAP-25 expression was not observed in urothelial 
cells (Coelho et al., 2012a; b).   
 
Although all these findings and many years of use in multiple clinical conditions 
suggest a peripheral action of BoNT/A when injected in the bladder (Cruz, 2014), 
some studies have proposed that BoNT/A may not be confined to nerve terminals at 
the injection place. Rather, it was suggested that BoNT/A activity can spread to 
central neurons by retrograde transport along the first-order neurons and then 
transferred to second order neurons contacting with the former (transcytosis). 
However, a study using a highly selective antibody for the cleaved protein (SNAP25-
197) combined with markers for CNS neurons or glial cells contacting the first order 
neuron excluded that possibility (Cai et al., 2017). 
 
Myofibroblasts form a syncytium with extensive coupling via the gap-junction protein 
connexin 43 and have close contacts with sensory nerves. Therefore, myofibroblasts 
have been proposed to act as modulators of bladder activity (Apostolidis et al., 2006a; 
Wiseman et al., 2003). Nevertheless, BoNT/A does not change the expression of 
connexin 43 (Roosen et al., 2009), questioning an effect of the toxin through the 
myofibroblasts.  
 
A decrease of the urinary and tissue levels of NGF and brain-derived neurotrophic 
factor were found in some studies (Giannantoni et al., 2006; Liu et al., 2009; 
Philippova et al., 2021; Pinto et al., 2010) and not in others (Richter et al., 2017b) 
upon injection of BoNT/A. Based on the role of neurotrophins for growth, 
maintenance and plasticity of peptidergic sensory nerves, these findings raise the 
possibility that additional mechanism for BoNT/A action in the bladder sensory 
function may exist. 
 
BoNT/A has a long-lasting effect due to the persistence of the enzymatic capacity of 
the light chain to cleave SNAP-25 given by two leucine amino acids near its C 
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terminus (Wang et al., 2011b). This lasted longer in the bladder than in skeletal 
muscle: cleaved SNAP-25 was detected up to 11 months after BoNT/A injection in 
neurogenic DO patients (Schulte-Baukloh et al., 2007). The mechanism for such a 
long persistence remains unclear. The combined impairment of pre- and post- 
ganglionic parasympathetic neurons, urothelial cells and sensory fibers may however 
contribute to it.   
 
Even repeated injections of BoNT/A into the detrusor muscle apparently do not cause 
inflammatory infiltrates, fibrotic activity, or apoptosis within the bladder wall 
(Apostolidis et al., 2008; Compérat et al., 2006; Kessler et al., 2010).  One study even 
demonstrated that neurogenic detrusor overactivity (NDO) patients had less fibrosis 
than non-treated patients after treatment with BoNT/A (Compérat et al., 2006). An 
eosinophilic infiltrate found in bladder biopsies of patients after multiple treatments 
did not have a clear explanation (Apostolidis et al., 2008). 
 

3.8. Drug targets in the CNS 
 
The CNS plays an important role in the regulation of physiological bladder function, 
and CNS disorders including stroke, Parkinson’s and MS are potential causes of 
LUTS. Two groups of molecular targets for the treatment of LUTS have been 
identified in the brain including the spinal cord, transporters for the biogenic amines 
noradrenaline and serotonin and receptors for γ-amino-butyric acid (GABA). 
 

3.8.1. Amine uptake transporters 
 
The biogenic amines noradrenaline and serotonin play important roles in the central 
and peripheral control of LUT function (Michel et al., 2005b; Michel and Peters, 
2004). The primary mechanism of inactivation of neuronally released noradrenaline 
and serotonin is neuronal reuptake. Inhibitors of amine uptake transporters have long 
been used in the treatment of depression, more recently of some type of neuropathic 
pain, and meanwhile have also become established drug targets for some forms of 
LUT dysfunction, most importantly SUI (Michel, 2007). The two most common 
antidepressants studied in the treatment of bladder overactivity are imipramine and 
duloxetine. While duloxetine has high specificity for amine uptake transporters, 
imipramine similar to many other older uptake inhibitors also has ancillary properties 
such as antagonism of various receptors including AR, muscarinic and histamine 
receptors, which may contribute to its overall clinical profile (Cusack et al., 1994). 
 
Therapeutic doses of tricyclic antidepressants, including imipramine, may cause 
adverse cardiovascular effects including orthostatic hypotension and ventricular 
arrhythmias. imipramine can prolong the QTc interval, which leads to antiarrhythmic 
(and proarrhythmic) effects similar to those of quinidine (Bigger et al., 1977). 
 
The combined noradrenaline and serotonin reuptake inhibitor duloxetine was shown 
to increase bladder capacity in a cat acetic acid model of bladder irritation through 
both motor efferent and sensory afferent modulation (Katofiasc et al., 2002). 
Corticosterone-treated rats exhibited symptoms of depression, DO, inflammation, and 
disturbances in neurotrophic factors that were improved by duloxetine (Wróbel et al., 
2020c).  
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3.8.2. GABA pathway 
 
The central nervous neurotransmitter γ-amino-butyric acid (GABA) can inhibit the 
micturition reflex at several points along its central pathway (de Groat, 1997; Pehrson 
and Andersson, 2002). GABA acts on two receptor families , the ionotropic GABAA 
(ion channels) and the metabotropic (G protein-coupled) GABAB receptors (Bormann, 
2000). Intrathecal administration of the GABAB receptor agonist baclofen attenuated 
oxyhemoglobin-induced DO, indicating that spinal effects of GABAB receptor 
agonists may be useful for controlling micturition disorders caused by C-fiber 
activation in the urothelium and/or suburothelium (Pehrson and Andersson, 2002). 
Intrathecal application of bicuculline in spinal intact rats induced detrusor-sphincter 
dyssynergia-like changes whereas intrathecal application of baclofen caused urethral 
relaxation during isovolumetric bladder contractions (Miyazato et al., 2008). Signs of 
hypofunction of the GABAergic system (glutamate decarboxylase mRNA levels in 
the spinal cord and dorsal root ganglia were decreased) were found after SCI and 
activation of GABAA and GABAB receptors in the spinal cord inhibited DO as 
evidenced by a reduction in non-voiding contractions (Miyazato et al., 2008). GABAB 
receptor activation preferentially reduced DO prior to inhibiting voiding contractions 
while GABAA receptor activation inhibited DO and voiding contraction at the same 
concentration. 
 

4. Clinically used drugs to treat OAB symptoms/DO 
 
Using the ICS definitions, 11.8% of men and women reported OAB in epidemiological 
studies (Irwin et al., 2006). Among 7,244,501 OAB patients aged 45 years and older, 
24.4% were treated mainly with antimuscarinic agents but 75.6% did not received 
treatment; only 25.6% of those treated were men (Helfand et al., 2010); of note, this study 
was performed prior to the introduction of β3-AR agonists. While β-AR agonists 
meanwhile also have become an established therapeutic option for oral pharmacotherapy 
of OAB and injectables such as BoNT/A for minimally invasive treatment, muscarinic 
antagonists continue to be a cornerstone of medical OAB treatment. Of note, all 
pharmacological treatments of OAB reduce symptoms but none of them can be 
considered disease-modifying. This section focuses on studies in OAB populations 
whereas those performed in NDO patients are covered in section 5 (except for data on 
BoNT injection protocols; section 4.8.1), which also includes most of the pediatric 
studies. 
 

4.1. Muscarinic receptor antagonists (antimuscarinic/anticholinergic drugs) 
 
Only a limited number of major studies on muscarinic receptors in OAB have been 
reported since the report from the 2016 International Consensus meeting (Andersson et 
al., 2017). Clinically important information has been updated in the clinical use section 
below. For the individual antimuscarinic agents, selected studies have been identified and 
presented and where updated information is available and relevant. A more exhaustive 
and detailed selection of individual studies is presented in the previous iteration of this 
report (Andersson et al., 2017). Finally, drugs that have essentially become obsolete as 
options in OAB management have been removed e.g., atropine, propantheline bromide 
and flavoxate; more detailed information on these can be found in the previous report, if 
required (Andersson et al., 2017). Comparison of individual antimuscarinics with other 
modalities of managing OAB have not been included and in general the number of such 
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direct comparative studies in this area is small. Cost effectiveness of antimuscarinics has 
also not been included due to the different healthcare systems around the world, however, 
a recent article has reviewed the available literature (Giannitsas and Athanasopoulos, 
2015) and a further study looking at a UK health system has been published (Hakimi et 
al., 2018). Furthermore, combination pharmacotherapy of antimuscarinics with other 
agents will be discussed in section 4.11. 
 

4.1.1. Pharmacology 
 

4.1.1.1. Mechanism of action.  
 
Muscarinic receptor antagonists (antimuscarinics) bind to muscarinic receptors to prevent 
their activation by agonists including the endogenous agonist ACh (Caulfield and 
Birdsall, 1998). This occurs throughout the entire body. ACh is released from three types 
of neurons: those within the CNS, the motor neurons innervating skeletal muscle, and 
parasympathetic nerves; moreover, ACh can be formed by and released from non-
neuronal sources such as the urothelium (Yoshida et al., 2008). While ACh released from 
somatic motor neurons acts on nicotinic receptors, that from parasympathetic nerves and 
non-neuronal sources largely acts on muscarinic receptors; ACh released within the 
central nervous system acts on both types of receptors. 
 
ACh released from parasympathetic nerves plays a major role in the execution of voiding 
by activating muscarinic receptors to cause contraction of detrusor smooth muscle cells. 
While release of ACh from parasympathetic nerves is assumed to occur largely during the 
micturition phase of the voiding cycle, non-neuronally released ACh can also be released 
during the storage phase, which makes it a candidate to cause non-voiding contractions 
(Andersson, 2011a; Sellers et al., 2018). 
 
It had long been believed that antimuscarinics reduce OAB symptoms blocking 
muscarinic receptors on detrusor smooth muscle cells (Sellers et al., 2018). However, 
muscarinic receptors on various other cell types including the urothelium and afferent and 
efferent nerves may also contribute to the control of urine storage and micturition 
(Andersson, 2004). For instance, muscarinic receptor antagonists can modulate the 
activity of both C- and Aδ-type afferent nerves (Andersson, 2011a; Michel, 2015). A role 
for muscarinic receptors expressed in the urothelium in the regulation of physiological 
voiding, and even more so that of OAB/DO has been suggested (Andersson, 2011a; 
Birder and Andersson, 2013; Michel, 2015; Sellers et al., 2018), but such role has not 
been firmly established.  
 
The competitive antagonism exerted by clinically used antimuscarinics implies that their 
effects can be overcome by the massive release of ACh occurring during micturition; this 
may explain why antimuscarinics in clinically used doses have little effect on voiding 
contractions (Finney et al., 2006). Nonetheless, (acute) urinary retention can occur, 
however, it is rare in humans in doses typically applied for the treatment of OAB/DO 
(Figure 7). 
 

4.1.1.2. Pharmacodynamic properties 
 
Antimuscarinics can be classified based on their relative affinity for subtypes of 
muscarinic receptors. While most antimuscarinics have similar affinity for all five 
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subtypes of muscarinic receptors, darifenacin exhibits a moderate and oxybutynin and 
solifenacin a minor selectivity for the M3 subtype, i.e., the subtype predominantly 
mediating contraction of detrusor smooth muscle (Glavind and Chancellor, 2011; 
Yamada et al., 2018). The clinical relevance of M3-selectivity may be limited because the 
most frequent adverse events (AE), i.e., dry mouth and constipation, are also mediated by 
M3 receptors. This may be different for avoiding M2 receptor occupation because this 
subtype largely mediates an increased heart rate(Glavind and Chancellor, 2011). 
However, elevation of heart rate typically is very minor with therapeutic doses of all 
antimuscarinics used in the treatment of OAB/DO (Rosa et al., 2018). Thus, none of the 
clinically used antimuscarinics exhibits relevant selectivity for the bladder as compared to 
other organs upon oral administration. However, minor degrees of selectivity in 
conjunction with other drug properties may contribute to the overall clinical profile of 
specific compounds. 
 
The antimuscarinics can chemically be divided chemically into tertiary and quaternary 
amines (Abrams and Andersson, 2007; Guay, 2003). While trospium is a quaternary 
amine, all other clinically used antimuscarinics are tertiary amines. Tertiary amines are 
more lipophilic and for this reason exhibit penetration into the brain (Callegari et al., 
2011; Yamada et al., 2018); however, this is compensated in some cases, e.g., 
darifenacin, by active transport out of the brain, which may for instance involve transport 
via the product of the MDR1 gene. In contrast, quaternary amines exhibit little passage 
through the blood-brain-barrier (Staskin et al., 2010), but for the same reason also exhibit 
lower oral bioavailability (Guay, 2003). Thus, the chemical structure of the muscarinic 
antagonists may have implications for the ability of antimuscarinics to impair cognition, 
which has been documented for all members of this drug class to some extent – except for 
trospium (Müderrisoglu et al., 2019). 
 

4.1.1.3. Pharmacokinetic properties 
 
The antimuscarinics used in the treatment of OAB/DO differ considerably in their 
absorption and ability to penetrate into the brain (Callegari et al., 2011; Yamada et al., 
2018), but also in their routes of metabolism and excretion (Guay, 2003; Witte et al., 
2009a). Such differences impact the extent and variability of absorption, with quaternary 
amines typically exhibiting smaller and more variable oral bioavailability. They also 
determine the potential for drug-drug-interactions and their restrictions of use in patients 
with impaired hepatic or renal function (Table 2). They also impact the half-lives of the 
various drugs after becoming systemically available, ranging from 2-3 h for oxybutynin 
to 45-68 h for solifenacin. Moreover, the metabolism of some antimuscarinics leads to 
metabolites that are pharmacologically active, with the metabolites sometimes exhibiting 
a different pharmacological profile than the parent compound (Michel and Hegde, 2006); 
examples of the latter include fesoterodine, oxybutynin and propiverine. 
 
The main pathways of metabolism of antimuscarinics used in the treatment of OAB 
involve cytochrome P450 enzymes, specifically CYP2D6 and CYP3A4 (Guay, 2003; 
Witte et al., 2009a). Considerable differences exist in the fraction excreted renally in 
unchanged or otherwise pharmacologically active form ranging from <1% for oxybutynin 
to >50% for trospium (Guay, 2003). Such renal excretion raises the possibility of 
exposing the bladder to the antimuscarinic not only via the blood stream but also from the 
luminal side, particularly because some antimuscarinics can be reabsorbed from the 
bladder to become systemically available again (Krause et al., 2013). However, no 
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evidence is available that differences in renal excretion of active compound have clinical 
consequences. These differential routes of metabolism and excretion lead to specific 
recommendations for each drug related to dosing choices or even contraindications in 
patients with hepatic or renal impairment and/or those with concomitant medication 
affecting the metabolism (Table 2). The following paragraphs summarize key 
pharmacokinetic data on individual antimuscarinics used in the treatment of OAB. 
Recommendations for use in patients with hepatic or renal impairment largely reflect 
those described in the prescribing information; of note, recommendations issues for more 
recently approved drugs (e.g., fesoterodine and solifenacin) may have been based on 
different regulatory standards than that for medicines in clinical use for many decades 
such as oxybutynin. 
 
The tertiary amine darifenacin has moderate lipophilicity, is well absorbed from the 
gastrointestinal tract after oral administration, and extensively metabolized in the liver by 
the cytochrome P450 isoforms CYP3A4 and CYP2D6; importantly, the latter saturates 
within the therapeutic range, which can lead to excessive plasma concentrations with 
certain comedications (Skerjanec, 2006). The three main circulating darifenacin 
metabolites are UK-148,993, UK-73,689, and UK-88862 are the but only UK-148,993 
appears to have relevant anti-muscarinic activity. However, the various metabolites of 
darifenacin including UK-148,993 apparently contribute little to its clinical effects 
(Michel and Hegde, 2006; Witte et al., 2009a). Co-administration of a potent CYP3A4 
inhibitor (e.g., ketoconazole) increases the circulating concentration of darifenacin 
considerably (Kerbusch et al., 2003), with increases in exposure to darifenacin of about 
10-fold having been shown upon co-administration of 400 mg2 ketoconazole (Skerjanec, 
2006). Concomitant use of potent CYP3A4 inhibitors can increase exposure to 
darifenacin 10-fold (Skerjanec, 2006) and is not recommended. In the presence of 
CYP2D6 inhibitors, the starting dose should be no higher than 7.5 mg and it should only 
be uptitrated to 15 mg if the lower dose was well-tolerated. Based on the metabolic 
profile of darifenacin, caution should be applied in patients with renal impairment. 
Hepatic impairment with Child-Pugh A scores, results in an increased exposure but does 
not result in a need for dose adjustment. If hepatic impairment reaches Child-Pugh B, 
doses should be limited to 7.5 mg and the drug should only be used if anticipated benefit 
outweighs the risk. It should not be used in patients with Child-Pugh C.  
 
Fesoterodine is metabolized by non-specific esterases to the pharmacologically active 5-
hydroxmethyl tolterodine (5-HMT); the latter is partly excreted renally (16% of 
administered dose), but partly also metabolized further by CYP2D6 and CYP3A4 
(Michel and Hegde, 2006; Witte et al., 2009a). The bioavailability of fesoterodine, 
averaging 52%, is not affected by food intake allowing to administer the drug with or 
without a meal. 5-HMT reaches peak plasma concentrations 5 h following oral 
administration and has a half-life of 7–9 h (Malhotra et al., 2008a; Malhotra et al., 
2008b). Accordingly, fesoterodine should be started at a dose of 4 mg in patients with 
renal impairment and increased to 8 mg with caution in those with mild-moderate renal 
impairment; the dose should be limited to 4 mg in those with severe renal impairment. In 
patients with hepatic impairment with Child-Pugh A, it should be started at 4 mg and 
increased to 8 mg only with caution. In Child-Pugh B, the dose should be limited to 4 mg, 
and fesoterodine is not recommended in patients with Child-Pugh C. In the presence of 
CYP2D6 inhibitors, treatment should start at 4 mg, in the presence of potent CYP3A4 

                                                 
2 Unless otherwise noted, all doses for oral medications refer to daily doses. 
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inhibitors 4 mg should be the maximum dose (de Mey et al., 2011; Malhotra et al., 2008a; 
Malhotra et al., 2008b). 
 
Imidafenacin is rapidly absorbed with maximum plasma concentration occurring 1-3 h 
after oral administration (Ohno et al., 2008). The imidafenacin metabolites detected in 
plasma are mainly produced by first-pass metabolism. The major enzymes responsible for 
the metabolism of imidafenacin are CYP3A4 and UGT1A4. The oxidative metabolism is 
reduced by concomitant administration of CYP3A4 inhibitors. In contrast, imidafenacin 
and its metabolites lack relevant inhibitory effects on CYP (Kanayama et al., 2007). 
 
The tertiary amine oxybutynin is well absorbed but undergoes marked first-pass hepatic 
metabolism upon oral administration; while one of the resulting metabolites is inactive, 
the other metabolite formed by CYP3A4,  N-desethyl-oxybutynin, is pharmacologically 
active. Its pharmacological properties are similar to those of the parent compound 
(Waldeck et al., 1997), but its concentrations markedly exceed those of the parent 
compound after oral administration (Hughes et al., 1992). Therefore, it is thought to be 
mainly responsible for the observed clinical profile after oral administration of 
oxybutynin (Michel and Hegde, 2006). It is postulated that N-desethyl-oxybutynin is 
more prone to cause antimuscarinic AE and that this may explain why some oral 
modified release and transdermal formulations of oxybutynin may be better tolerated 
(Michel, 2002; Michel and Hegde, 2006). Oxybutynin has a plasma half-life of 
approximately 2 h, but with wide interindividual variation (Douchamps et al., 1988; 
Hughes et al., 1992). In contrast, renal excretion in active form of oxybutynin and N-
desethyl-oxybutynin combined accounts for <1% of administered dose. Accordingly, 
oxybutynin should be used with caution in patients with renal or hepatic impairment and 
in those with co-medication with moderate or potent inhibitors of CYP3A4 (Witte et al., 
2009a). 
 
Propiverine has similar affinity for all muscarinic receptor subtypes and is rapidly 
absorbed (tmax 2 h) with biological availability of about 50%. It undergoes extensive first-
pass metabolism yielding three main, active metabolites among which M5 appears most 
relevant; these metabolites exhibit a qualitatively and quantitatively distinct 
pharmacological profile – not only regarding muscarinic receptors but also additional 
targets such as L-type Ca2+ channels and α1-adrenoceptors (Michel and Hegde, 2006; 
Wuest et al., 2011). These metabolites are partly generated by CYP3A4, and partly by 
flavin monoxygenases. These metabolites likely contribute to the clinical effects of the 
drug, but their individual contributions have not been clarified (Michel and Hegde, 2006). 
Propiverine is an inducer of hepatic CYP enzymes in rats but only in doses about 100-
times greater than the therapeutic doses in humans (Walter et al., 2003). Propiverine has a 
half-life of propiverine of about 11-14 h. Less than 1% of an administered dose is 
excreted renally as unchanged compound. The daily dose of propiverine should not 
exceed 30 mg in patients with impaired renal function; no advice exists on dose 
adjustment in patients with hepatic impairment, and no clinical studies are available 
related to an interaction with CYP3A4 inhibitors; however, in vitro data point to possible 
interactions (Witte et al., 2009a). The IR and ER formulation of propiverine differ in site 
of absorption and circadian time-dependent elimination processes (May et al., 2008). 
 
The tertiary amine solifenacin (YM905) has modest selectivity for M3 over M2 and M1 
receptors (Hegde et al., 2004). It has an absolute bioavailability 90% and a mean terminal 
half-life of 45-65 h (Smulders et al., 2004). It undergoes extensive hepatic metabolism, 
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partly by CYP3A4, but the metabolites are either considered pharmacologically inactive 
and/or to exhibit only low abundance (Michel and Hegde, 2006). Accordingly, no dose 
adjustment is required with mild-moderate renal impairment, whereas the dose should be 
limited to 5 mg with severe renal impairment (Witte et al., 2009a). In patients with 
hepatic impairment, caution should be applied with Child-Pugh A, the dose be limited to 
5 mg with Child-Pugh B, and use is not recommended with Child-Pugh C. Subjects on 
day 7 of a 20-day regimen of ketoconazole administration (200 mg) exhibited an increase 
of approximately 40% and 56% of Cmax and AUC0-inf, respectively, upon ingestions of a 
single oral dose of 10 mg solifenacin (Swart et al., 2006). Therefore, the solifenacin dose 
should be limited to 5 mg in the presence of potent CYP3A4 inhibitors. 
 
The tertiary amine tolterodine is rapidly absorbed and extensively metabolized by the 
hepatic cytochrome P450 system, specifically by CYP3A4 to yield N-desalkyl-
tolterodine and by CYP2D6 to yield the pharmacologically active 5-HMT (Michel 
and Hegde, 2006).The pharmacological profile of 5-HMT is similar to that of the 
mother compound and contributes to the therapeutic effect of tolterodine (Brynne et 
al., 1997; Nilvebrant et al., 1997). Based on a relatively low lipophilicity of 
tolterodine and even lesser one of 5-HMT, limited penetration into the CNS is 
expected, an assumption supported by various preclinical experiments (Callegari et 
al., 2011). This may explain a low incidence of cognitive side effects (Clemett and 
Jarvis, 2001). However, tolterodine may disturb sleep, particularly in subjects with a 
low activity of CYP 2D6 who are less able to form 5-HMT (Diefenbach et al., 2008). 
The plasma half-live of tolterodine and 5-HMT is 2-3 h, but the effects on the bladder 
seem to be longer-lasting than could be expected from the pharmacokinetic data. 
Urinary excretion of tolterodine accounted for <1-2.4 % of the dose; 5 – 14% of 5-
HMT is eliminated in the urine (Brynne et al., 1997). The renal excretion in active 
form is much lower in subjects who are poor metabolizers for CYP2D6. The 
metabolism of 5-HMT is described above for fesoterodine. While dosing 
recommendations are available for mild-moderate renal impairment, the dose should 
be limited to 2 mg in severe renal impairment or in hepatic impairment or in the 
presence of potent CYP3A4 inhibitors; no dose adjustment is required in the presence 
of CYP2D6 inhibitors (Witte et al., 2009a). 
 
The quaternary amine trospium has similar affinity for all muscarinic receptor subtypes. It 
was more potent than oxybutynin and tolterodine to antagonize carbachol-induced 
contractions in isolated detrusor muscle (Ückert et al., 2000). Trospium has a biological 
availability <10% upon oral administration (Doroshyenko et al., 2005). The expectation 
that trospium should cross the blood-brain to a limited extent because of being a 
quaternary amine and a substrate for the drug-efflux transporter P-glycoprotein (Geyer et 
al., 2009) was confirmed in trials in which administration of trospium for 10 days did not 
lead to detectable levels in cerebrospinal fluid samples at times with measurable peak 
plasma values (Staskin et al., 2010). Clinically, trospium seems to have no negative 
cognitive effects (Chancellor et al., 2012). It has a plasma half-life of approximately 20 h. 
The pathways of metabolism of absorbed trospium are not fully defined but cytochrome 
P450 enzymes apparently play only a minor role (Doroshyenko et al., 2005). Thus, 
approximately 60% of the absorbed dose (about 3.5% of the administered dose) is 
eliminated in unchanged form in the urine. The urinary concentration of trospium may be 
enough to affect the mucosal signaling system in a rat model (Kim et al., 2005). Whether 
or not it contributes to the clinical efficacy of the drug remains to be established. The 
largest fraction of an ingested dose of trospium is excreted in unchanged form in feces 
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upon oral administration, reflecting the limited oral bioavailability of this drug (Michel 
and Hegde, 2006). Caution should be applied in patients with mild-moderate renal 
impairment, and doses be limited to 20 mg in severe renal impairment. Caution should 
also be applied in patients with hepatic impairment. Dose adjustment in the presence of 
comedications are not required.  
 

4.1.2. Clinical Use 
 
Several muscarinic receptor antagonists are available for the treatment of OAB/DO. 
While the efficacy is similar for all muscarinic antagonists in the treatment of OAB/DO, 
there are differences in the number and quality of published studies. The randomized 
controlled trials (RCT) for some of the antimuscarinics, underlying their approval by the 
regulatory authorities, have been performed in some cases more than 20 years ago. Some 
drugs have never been approved in this indication or are no longer in wide clinical use 
because of unfavorable benefit/risk ratios. These include compounds such as atropine, 
emepronium, propantheline, and flavoxate; data for these drugs has been reviewed 
previously (Andersson et al., 2017; Andersson et al., 1999) and is not further discussed 
here. 
 
Antimuscarinics as a class are effective in the treatment of OAB/DO by reducing 
symptoms and improving OAB-related QoL; clinically noticeable improvements often 
manifest with 1-2 weeks after initiation of treatment (Chapple et al., 2008; Novara et al., 
2008; Reynolds et al., 2015; Wang et al., 2014). No major difference of efficacy has been 
observed between compounds, between men and women or between younger and older 
patients. While urgency is the defining symptom of OAB (Abrams et al., 2002; D'Ancona 
et al., 2019), approval by regulatory authorities has been based on their effects against 
incontinence and frequency. Interestingly, antimuscarinics as a class appear more 
effective against these two OAB symptoms than against urgency (Müderrisoglu et al., 
2022), although also some degree of improvement of urgency has also been demonstrated 
(Chapple et al., 2008; Novara et al., 2008; Wang et al., 2014). In contrast, antimuscarinics 
exhibit only little improvement of nocturia relative to placebo in RCTs (Cornu et al., 
2012; Schneider et al., 2009); some reported exceptions (Michel and de la Rosette, 2005; 
Weiss et al., 2013b) may reflect extreme ends of the variability spectrum around a small 
mean effect. However, a consistent improvement of nocturia is seen in observational 
studies for instance with darifenacin (Schneider et al., 2010), propiverine (Amiri et al., 
2021; Oelke et al., 2011), solifenacin (Witte et al., 2009b) or tolterodine (Michel et al., 
2005a), possibly reflecting at least partly a placebo effect. More detailed information on 
specific studies for the individual antimuscarinics has been summarized in the past 
(Andersson et al., 2017; Andersson et al., 1999). 
 
While an early review as questioned the efficacy of muscarinic receptor antagonists 
because of limited effect sizes relative to placebo (Herbison et al., 2003), meanwhile 
several meta-analyses have unequivocally demonstrated the efficacy of this drug class in 
the treatment of OAB(Chapple et al., 2005a; Novara et al., 2008). These were based on 73 
RCT (Chapple et al., 2005a) and on 50 RCT and 3 pooled analyses (Novara et al., 2008) 
considered to be of good methodological quality. They concluded that “antimuscarinics 
are efficacious, safe, and well tolerated treatments” (Chapple et al., 2005a), and that ER 
formulations should be preferred to the IR ones and that with IR formulations, dose 
escalation might yield some improvements in the efficacy but with increase in the AE 
(Novara et al., 2008). There were differences between the antimuscarinics in rates of 
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withdrawal and rates and range of AE and efficacy outcomes. Perhaps even more 
importantly, several studies have now reported on the probability of becoming free of a 
given OAB symptom, e.g., incontinence for several muscarinic antagonists (Müderrisoglu 
et al., 2022; Wagg et al., 2021). Moreover, real-world evidence from non-interventional 
studies with various muscarinic antagonists demonstrates that this drug class provides 
considerable relief of symptoms and bother in OAB patients, e.g., for darifenacin 
(Schneider et al., 2010), fesoterodine (Kim et al., 2016b), propiverine (Amiri et al., 2021), 
solifenacin (Witte et al., 2009b), tolterodine (Michel et al., 2002).  
 
The most frequent AE observed with antimuscarinics in the treatment of OAB/DO 
include dry mouth and constipation (Figure 8). Most RCT and specific studies with head-
to-head comparisons of multiple antimuscarinics were neither designed nor powered for 
AE as an endpoint. Analysis of specific AE such as dry mouth, constipation or blurred 
vision has been reported but is also difficult to interpret because sample sizes often were 
insufficient for clear differentiation. Another hard tolerability-related endpoint is 
withdrawal due to AE, but again incidences mostly were too low with the given sample 
sizes to allow clear differentiation. With these limitations in mind, meta-analyses of 
tolerability have been reported (Chapple et al., 2008; Maman et al., 2014). Two general 
trends appear from these analyses. Firstly, immediate-release (IR) oral oxybutynin 
appears to have the highest incidence of AE. Second, slow-release, extended-release (ER) 
and transdermal formulations appear to have fewer AE than IR formulations. 
 
While effects on heart rate could be expected upon use of antimuscarinics based on 
mechanistic considerations (Brodde and Michel, 1999), increases in heart rate or 
cardiovascular AE in general have rarely been observed; when they occurred, increases in 
heart rate typically were only minor, i.e., not exceeding 2-3 beats/min (Rosa et al., 2018). 
The clinically used antimuscarinics do not increase QT intervals to a meaningful extent 
(Rosa et al., 2018). 
 
Impairment of cognition is a typical AE of antimuscarinics, whether administered for 
the treatment of OAB/DO or other indications. The risk for cognitive impairment 
upon administration of antimuscarinics increases with total exposure over time, 
defined as number of drugs with antimuscarinic properties and total number of doses 
for each of them (Ancelin et al., 2006; Dmochowski et al., 2021). A prospective 
population-based longitudinal cohort study examined the cumulative effect of 
anticholinergics (tricyclic antidepressants, 1st generation anti-histamines and bladder 
antimuscarinics) and the risk of dementia (Gray et al., 2015). The authors found a 
dose dependent relationship for the development of dementia and Alzheimer’s disease 
and noted the anticholinergic indication was not relevant to the development of 
dementia. Cumulative anticholinergic dose was measured utilizing the total 
standardized daily doses (TSDD) in this study and adjusted hazard ratios for 
cumulative anticholinergic use compared with non-use to receive a diagnosis of 
dementia were 1.23 (95% CI, 0.94-1.62) for TSDDs of 366 to 1095; and 1.54 (95% 
CI, 1.21-1.96) for TSDDs greater than 1095. A very recent systematic review and 
meta-analysis found that the risk of incident dementia increased with increasing 
exposure and 2 studies from the meta-analysis reported an increased risk of dementia 
with ≥ 3 months use of bladder antimuscarinics (adjusted odds ratio 1.21 to 1.65) 
(Dmochowski et al., 2021). A recently published large retrospective MediClaims-
based study involving > 71,000 individuals assessed whether bladder selectivity of the 
antimuscarinic used effected impact on dementia and Alzheimer’s disease (Barthold 

has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 14 March 2023 as DOI 10.1124/pharmrev.121.000523 This article

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 40

et al., 2020). The authors compared solifenacin and darifenacin vs fesoterodine, 
flavoxate, oxybutynin, tolterodine, trospium (non-selective) and found an increased 
risk of Alzheimer’s and other dementia related disorders in general but with no 
difference between the groups. In general the RCTs of antimuscarinics used in the 
treatment of OAB/DO typically were not designed to capture AE on cognition, but 
such effects have been reported for all members of this drug class (Müderrisoglu et 
al., 2019; Yamada et al., 2018), except for trospium which does not penetrate the 
blood-brain-barrier (Staskin et al., 2010). The incidence of cognitive impairment upon 
use of different antimuscarinics is difficult to quantify, but preclinical models 
(Yamada et al., 2018), indirect clinical comparisons (Müderrisoglu et al., 2019) and 
direct head-to-head studies in volunteers (Kay and Granville, 2005) all suggest that 
the risk is highest with oxybutynin in its IR formulation. Limited data indicate that 
cognitive impairment caused by antimuscarinics may largely be reversible upon 
discontinuation of treatment (Müderrisoglu et al., 2019). 
 
Some studies and reviews indicate that the quantitative risk for AE differs between drugs 
and their formulations. When analyzing results from (70 trials with parallel and 16 with 
cross-over designs and a total of 31,249 adults) tolterodine and ER preparations of 
oxybutynin were found to carry a lower risk of dry mouth than IR oxybutynin 
(Madhuvrata et al., 2012). . On the other hand, solifenacin may have a greater efficacy 
and smaller incidence of dry mouth than IR tolterodine. Fesoterodine had greater efficacy 
than ER tolterodine but at the price of a greater risk of withdrawal due to AE and of dry 
mouth. A network meta-analysis of 69 trials enrolling 26,229 OAB patients reported 
similar overall AE profiles for darifenacin, fesoterodine, transdermal oxybutynin, 
propiverine, solifenacin, tolterodine, and trospium chloride, but not for oxybutynin orally 
administered when currently used starting dosages were compared (Kessler et al., 2011). 
These data indicate that most currently used antimuscarinics are equivalent first choice 
drugs for the treatment of OAB in their overall benefit/risk profile, except for oral 
oxybutynin dosages of ≥ 10 mg based on a less favorable AE profile. Optimal treatment 
should be individualized, based on the patients’ co-morbidities and concomitant 
medications and on the pharmacological profiles of the available drugs(Chapple et al., 
2008). 
 
Limited data are available for the relapse symptoms after discontinuation of treatment . 
A small (n = 173), prospective, randomized, open-label trial in women with OAB 
symptoms for >6 months explored symptoms 3 months after discontinuation of 
treatments lasting for 1, 3, or 6-months (Lee et al., 2011). The relapse rate was 62%, 
and the request for treatment was 65.  
 
Unfortunately, the persistence with prescribed antimuscarinic drugs is low in the 
treatment of OAB (Basra et al., 2008; Sears et al., 2010; Wagg et al., 2012; Yeowell 
et al., 2018). The most common causes seem to be lack of efficacy and AE, but unmet 
expectations have also been reported as a major reason for discontinuation of 
treatment (Benner et al., 2010; Kim and Lee, 2016). While the adherence to the 
different antimuscarinics may not be the same, the apparent differences may be small 
based on percentage of patients maintaining their original treatment after 12 months 
were: solifenacin 35%, tolterodine ER 28%, propiverine 27%, oxybutynin ER 26%, 
trospium 26%, tolterodine IR 24%, oxybutynin IR 22%, darifenacin 17%, and 
flavoxate 14% (Wagg et al., 2012). A large retrospective cohort study assessed 26,775 
patients and found that 39% persisted with antimuscarinics at 1 year (Goodson et al., 
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2018). Using tolterodine ER as a reference, better persistence rates were observed for 
solifenacin (RR = 1.08, 95% CI = 1.03-1.13) and fesoterodine (RR = 1.25, 95% CI = 
1.09-1.43), and a lower rate for IR tolterodine (RR = 0.90, 95% CI = 0.85-0.94). A 
greater persistence on treatment was observed with older age, male gender, and 
comorbidities such as MS, Parkinson's disease, and diabetes. Data from other 
healthcare systems confirm these trends (Kalder et al., 2014; Mauseth et al., 
2013)(Gomes et al., 2012). In line with the tolerability data, persistence 
on oxybutynin (9.4%) was lower than that on tolterodine (13.6%, p < 0.0001) 
resulting in a median time to discontinuation of oxybutynin and tolterodine of 68 and 
128 days, respectively(Gomes et al., 2012). Similarly, findings from a large elderly 
population suggested that persistence was better for patients who were initiated on 
oxybutynin ER, tolterodine, trospium, darifenacin, solifenacin, or fesoterodine when 
compared to oxybutynin IR (p < 0.001) (Vouri et al., 2019). Another systematic 
review concluded that persistence rates regardless of antimuscarinic was generally 
poor, with median rates 12-39.4% at 12 months and 6-12% at 24 months (Veenboer 
and Bosch, 2014). Risk factors for discontinuation included younger age group, use of 
IR formulations and oxybutynin. A large commercial claims database study suggested 
that adherence to antimuscarinics was better in men and worse in the obese (Lua et 
al., 2017). For a comparison of persistence on muscarinic antagonists with that on β3-
AR agonists see section 4.2.1.3. 
 
Antimuscarinics are guideline-recommended treatment options in OAB when lifestyle 
interventions and dietary modification have failed. While the various muscarinic 
antagonists are mechanistically similar, many guidelines recommend to try a second or 
even third member from this drug class when one had failed due to lack of efficacy and/or 
poor tolerability . A recent retrospective medicine and pharmacy claims analysis in the 
US linked to a one-time patient survey of members with OAB-wet was recently reported 
with the specific aim of assessing antimuscarinic treatment patterns and outcomes 
(Chancellor et al., 2016). A total of 620 patients were finally included. Patients cycled 
through 1-6 different antimuscarinics, the general adherence was poor, and a third used 
two or more  muscarinic antagonists. Moreover, incontinence episodes and burden were 
reasonably consistent despite antimuscarinic cycling and whether patients continued or 
discontinued their medication. Discontinuation rates were high being 71% of the whole 
population at study end. Almost 90% of patients continued to experience bother by their 
symptoms and requested additional help, whether they remained on antimuscarinics or 
not. The study suggests that antimuscarinic cycling does not have a positive impact on 
patients in terms of incontinence. Based on such data, we recommend that the maximum 
dose should be trialed in drugs with a flexible dosing option in cases of inadequate 
efficacy; in cases of inadequate tolerability an alternative muscarinic antagonist can be 
tried. However, if patients have failed more than 1-2 antimuscarinics, alternative therapies 
such as other drug classes (β3-AR agonists or BoNT) or non-pharmacological treatments 
including neuromodulation should be considered for those who. 
 
Increasingly antimuscarinics for the treatment of the storage component of LUTS are 
combined with other drug classes  if monotherapy with a muscarinic antagonist exhibits 
insufficient efficacy. Details of the use of antimuscarinics in combination with β3-AR 
agonist agents to treat refractory OAB  and in combination with α-blockers and 5α-
reductase inhibitors (ARI) to combat LUTS attributable to benign prostatic enlargement 
are covered in section 4.8. 
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4.1.3. Antimuscarinics with "specific" action 
 
Specific pharmacodynamic and clinical data on the different antimuscarinics are 
presented below; pharmacokinetic and drug-drug-interaction data have been discussed 
in section 4.1.1.3. In this regard we use the term "specific" to refer to muscarinic 
receptor antagonists without reported ancillary properties Muscarinic antagonists with 
ancillary properties plausibly contributing to their overall clinical profile are discussed 
in section 4.1.4. 
 

4.1.3.1.Darifenacin hydrobromide 
 
Darifenacin has some selectivity for cloned human muscarinic M3 relative to the other 
four subtypes in vitro. Darifenacin is clinically available in a controlled-release 
formulation to enable once-daily dosing at recommended dosages of 7.5 and 15 mg . 
Several RCT have shown the clinical effectiveness of darifenacin (Haab et al., 2004; 
Steers et al., 2005; Zinner et al., 2006) including that in those > 65 years of age (Chapple 
et al., 2007a). A pooled analysis of efficacy and safety data from 1,059 patients 
participating in three RCT found  that the improvement of OAB symptoms became 
statistically significant within 6 to 8 days after beginning administration (Khullar et al., 
2011). 
 
The three pivotal RCT with darifenacin included 1059 patients (85% female) with a 
known OAB history of at least 6 months and a 4-week washout/run-in period prior to 
randomization (Chapple et al., 2005b). They were randomized to once-daily oral 
treatment with 7.5 mg (n = 337) or 15 mg (n = 334) darifenacin or matching placebo (n = 
388) for 12 weeks. This resulted in a dose-related reduction in median weekly number of 
incontinence episodes (7.5 mg, –8.8 [–68.4%; placebo -54%]; 15 mg, –10.6 [–76.8%; 
placebo 58%]. Darifenacin also improved frequency and severity of urgency, micturition 
frequency, and number of incontinence episodes resulting in a change of clothing or pads  
and increased bladder capacity. Darifenacin was well tolerated. The most common 
treatment-related AE were dry mouth and constipation that resulted in few 
discontinuations (darifenacin 7.5 mg 0.6% of patients; darifenacin 15 mg 2.1%; placebo 
0.3%).  
 
Later RCT, including a pooled analysis of three studies in patients aged >65 years 
confirmed the efficacy, tolerability and safety profile of darifenacin (Foote et al., 2005). 
This profile was largely maintained during 2-year open label extension studies in the 
general OAB population (Haab et al., 2006) and those ≥ 65 years of age (Hill et al., 
2007). Treatment with darifenacin improved health-related QoL to a clinically relevant 
extent (Abrams et al., 2008), and this was also sustained during the open-label extension 
studies  (Dwyer et al., 2008). 
 

4.1.3.2. Fesoterodine fumarate 
 
Fesoterodine functions is an orally active prodrug that is converted by non-specific 
esterases to the active metabolite 5-hydroxymethyltolterodine (5-HMT) (Malhotra et 
al., 2008a; Malhotra et al., 2008b), which is chemically identical to the 5-hydroxy 
metabolite of tolterodine (Ney et al., 2008). 5-HMT is thought to mediate all clinical 
effects of fesoterodine in humans because fesoterodine itself remains undetectable in 
plasma upon oral dosing. 5-HMT is largely eliminated by the kidney with a clearance 
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of about 250 mL/min and >15% of the administered fesoterodine dose being excreted 
as unchanged 5-HMT. Therefore, it is possible that 5-HMT could work at least 
partially from the luminal side of the bladder (Michel, 2008). Two doses exist at 4 mg 
and 8 mg, allowing flexible dosing. 
 
A phase II multicenter, placebo-controlled RCT concluded that the response 
to fesoterodine treatment was dose-proportional and associated with improvements in 
OAB symptoms whether DO was present or not (Nitti et al., 2010).  
 
A multicenter, double-blind, placebo-controlled trial with tolterodine ER 4 mg as positive 
control, and fesoterodine 4 and 8 mg enrolled 1132 patients (Chapple et al., 2007b). Both 
doses of fesoterodine improved symptoms of OAB, with the 8 mg dose exhibiting a 
greater efficacy but more frequent dry mouth. The efficacy of fesoterodine 4 mg was 
similar to that of tolterodine ER 4 mg. Fesoterodine 8 mg also had greater efficacy than 
its 5 mg dose  in another report that pooled data from two phase III RCT (Khullar et al., 
2008). Subsequently the Eight Trial, a large randomized double-blind placebo-controlled 
RCT compared fesoterodine 8 and 4 mg (n=1745) (Chapple et al., 2014a). After 12 weeks 
of treatment, UUI, urgency, micturition frequency, diary dry rates, Patient Perception of 
Bladder Condition (PPBC), Urgency Perception Scale (UPS) and OAB-q scores were 
better with fesoterodine 8 mg compared to 4 mg or placebo. However, this study also 
confirmed that dry mouth and constipation rates were greater with the 8 mg than the 4 mg 
dose, which in turn caused a greater rate than placebo (26.1% and 4%, 12.9% and 1.5%, 
3.4% and 1.8% in the 8 mg, 4 mg and placebo groups, respectively), demonstrating that 
the higher dose of fesoterodine has greater efficacy at the cost of more AE (Chapple et al., 
2014a).    
 
In another randomized trial assessing flexible-dosing, fesoterodine also improved the 
mean number of micturitions per 24 h, and UUI and urgency episodes to a greater 
extent than placebo (Dmochowski et al., 2010b). Fesoterodine also improved the 
PPBC and UPS scores at weeks 2, 6, and 12 weeks. Interestingly, 63% and 73% in 
those taking fesoterodine and placebo, respectively, opted for dose escalation at week 
2. A systematic review of all flexible dosing trials with fesoterodine (10 met the 
inclusion criteria) suggested that 51-63% opted for dose escalation. Escalators in 
general had greater OAB symptoms, worse bother and worse QoL at baseline when 
compared to non-escalators (Wyndaele et al., 2014). 
 
A pooled analysis of the 2 phase III trials confirmed superiority of fesoterodine 8 mg 
to tolterodine ER 4 mg with regards to patient reported outcomes (Ginsberg et al., 
2013b). It also showed that fesoterodine 8 mg was superior to tolterodine at 12 weeks 
in UUI, urgency, micturition episodes, diary dry rates, PPBC, UPS and OAB-q scores 
in women. Dry mouth rates were 29%, 15%, 6%, constipation rates were 5%, 4%, 
2%, urinary retention rates were <1%, <1%, 0% for fesoterodine 8 mg, tolterodine ER 
4 mg and placebo, respectively. In the smaller group of men, superiority with 
fesoterodine 8 mg was only demonstrated for severe urgency and the symptom bother 
domain of the OAB-q. The dry mouth rates were 21%, 13%, 5%, constipation rates 
were 5%, 3%, 1% and urinary retention rates were 2%, <1%, 2% for fesoterodine 8 
mg, tolterodine ER 4 mg and placebo, respectively (Ginsberg et al., 2013b). 
 
In a pooled analysis from  phase III studies,  all active-treatment groups had improved 
health-related QoL compared with those on placebo (Kelleher et al., 2008). . In a post 
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hoc analysis, improvements in all domains of the King’s Health Questionnaire (KHQ), 
ICIQ-SF scores, and bladder related problems were observed at months 12 and 24 
compared to baseline (Kelleher et al., 2012), indicating a high treatment satisfaction 
regardless of gender and age throughout the open-label treatment. 
The pooled analysis of the 2 open label extension studies demonstrated sustained 
improvement in OAB with fesoterodine (Sand et al., 2012b). Mean duration of 
exposure was 21 months with 51% of patients receiving fesoterodine for ≥ 24 months. 
77% elected to remain on fesoterodine 8 mg during the open label extension. 
Discontinuations were seen in 51% before the 24-months visit with insufficient 
clinical response, AE or withdrawal of consent being the main reasons for stopping 
treatment. Improvements were seen in UUI, urgency and micturition episodes over 
the study period compared to open label baseline. The most common AE were dry 
mouth and constipation.  
 
A post-hoc analysis of 2 fixed dose trials, stratified by age, suggested fesoterodine 4 
and 8 mg doses were efficacious compared to placebo in those < 75 years of age, but 
only fesoterodine 8 mg in those ≥ 75 years of age (Kraus et al., 2010). As a result, the 
SOPHIA trial recruited patients ≥ 65 years of age with at least 30% of the population 
being older than 75 years of age, in this flexible fesoterodine dosing placebo-
controlled study (Wagg et al., 2013). At week 4, 52% and 66% opted for dose 
escalation in the fesoterodine 4 mg and placebo groups, respectively. At week 8 de-
escalation was allowed and occurred in 4% and 3% in the fesoterodine and placebo 
groups, respectively. Urgency, severe urgency, micturition, and nocturnal micturition 
episodes, as well as pad use improved in the fesoterodine group compared to placebo 
at 12 weeks. However, in the 46% who were OAB wet no statistically significant 
difference in UUI episodes were demonstrated between the groups. Patient reported 
outcomes using the treatment benefit scale, PPBC, UPS, OAB-S were greater in the 
fesoterodine group compared to placebo. Age stratification (< and > 75 years) did not 
alter the results. Minimal mental state examination did not change from baseline to 
end of study and was not different between groups. Dry mouth and constipation rates 
were 33.9% vs 5.3% and 8.9% vs 2.5% in the fesoterodine and placebo groups, 
respectively. CNS AE occurred very rarely, and 6 patients went into retention (5 in 
the active arm). The authors concluded that fesoterodine was tolerated well and was 
efficacious in an elderly population.  Subsequently, a 12-week open-label extension of 
this trial was reported (Wagg et al., 2014). Of the original 655 patients in the SOPHIA 
trial, 581 completed the open label extension with approximately half the population 
being male. Improvements were observed in bladder diary measures as well as patient 
reported outcome measures in those that originally had placebo who switched to 
fesoterodine, and efficacy was maintained in those that were originally treated with 
fesoterodine by study end. Treatment withdrawal due to emergent AE were 9.1% in 
those switched to fesoterodine from placebo and 1.3% in those that continued with 
fesoterodine (Wagg et al., 2014). The use of fesoterodine with dose escalation/de-
escalation design vs. placebo was also explored in a vulnerable elderly population 
with complex co-morbidities (Dubeau et al., 2014). Patients had to have moderate 
bladder problems based on PPBC, 2-15 UUI episodes, daytime frequency ≥ 8, 
vulnerable elderly score (VES-13) of ≥ 3 and a minimal mental state examination 
score ≥ 20.  The proportion of patients who completed the study were similar in both 
groups. Approximately 50% of the population were greater than 75 years of age and 
both groups included patients with functional impairment and polypharmacy. 
Reductions in daytime micturition, daytime and nocturnal urgency, UUI episodes per 
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24 h and a reduction for the need of absorbent products was seen with fesoterodine 
compared to placebo. A greater proportion reported improvements in their bladder 
condition based on PPBC and OAB-q scores and satisfaction were better in the 
fesoterodine group compared to placebo. In the fesoterodine group 9.3% vs 5% in the 
placebo group discontinued treatment due to AE. Dry mouth and constipation rates 
were 23.5% and 11%, respectively, in the fesoterodine group. Urinary retention 
occurred in 3.2% in those treated with fesoterodine but only 3/9 patients were 
catheterized. No statistically significant changes in minimal mental state examination 
or in blood pressure or heart rate were observed in either group until end of study, and 
there were no deaths (Dubeau et al., 2014). 
 
When assessing the pooled fixed dosing studies of fesoterodine (n = 6689) 
approximately 1/3 of patients reported a 50% reduction in urgency and roughly 3/4 
reported a 50% resolution of incontinence (Wagg et al., 2021). Furthermore in 
comparing 14 different agents in managing OAB using multicriteria decision analysis 
(experts weighted relative importance of favorable and unfavorable effects) and when 
benefits are judged as more relevant than safety, fesoterodine 4 or 8 mg utilized in a 
flexible dosing pattern was the favored drug of choice (Chapple et al., 2020b).  
 
The FOXY study assessed the use of oxybutynin 10-20 mg and fesoterodine 4-8 mg 
in a double blind crossover RCT in children with OAB aged 5-14 years (Ramsay et al., 
2020). In 60 patient’s efficacy was similar for both drugs with documented 
improvements in bladder capacity. The authors suggested that both drugs were 
efficacious in the population with acceptable side effect profiles. 
 

4.1.3.3.Imidafenacin 
 
Imidafenacin (KRP-197/ONO-8025) is a muscarinic receptor antagonist 
with moderate selectivity for M3 and M1 over M2 receptors. The M-2, M-4 and M-9 
metabolites of imidafenacin  had low affinity for all subtypes, indicating that they 
probably do not contribute to the clinical effects to a major extent (Kobayashi et al., 
2007). Imidafenacin inhibited both detrusor contractions and ACh release (Murakami 
et al., 2003). Imidafenacin exhibited lower receptor binding affinity  in vitro was 
lower in the bladder than in the submaxillary gland or the colon (Yamada et al., 2011), 
which may at least partly be explained by differential contribution of muscarinic 
subtypes in each tissue. Orally administered imidafenacin distributed predominantly 
to the bladder and exerted longer-lasting effect there than in other rat tissues. 
Imidafenacin has an oral bioavailability 57.8% in humans (Ohmori et al., 2007; Ohno 
et al., 2008). 
 
The efficacy, safety/tolerability, and dose-response relationship of imidafenacin was 
initially explored in a randomized, double-blind, placebo-controlled phase II dose-
finding study in Japanese OAB patients (Homma et al., 2008). It randomized 401 
patients to treatment with 0.1 mg, 0.2 mg or 0.5 mg of imidafenacin (99, 100 and 101 
patients, respectively) or placebo (101 patients) for an intended treatment period of 12 
weeks.  Imidafenacin reduced the number of incontinence episodes in a dose-
dependent manner, and to a greater extent than placebo . It also reduced UUI, voiding 
frequency, and urgency, and increased voided volume per micturition. 
Imidafenacin was also well tolerated with a dose-dependent increase in the dry mouth 
rate. Discontinuation due to dry mouth occurred in 1.00% and 0.0% in the 0.1 mg and 
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0.2 mg groups, respectively but increased to 8.9% in patients receiving 0.5 mg Thus, 
discontinuation with 0.1 and 0.2 mg imidafenacin occurred similarly often as in the 
placebo group (0.0%). 
 
Another double-blind RCT randomized Japanese patients with OAB symptoms 
to imidafenacin 0.1 mg twice daily (n = 324), propiverine 20 mg once daily (n = 310), 
or placebo (n = 147) for a planned treatment period of 12 weeks (Homma and 
Yamaguchi, 2009). Imidafenacin reduced incontinence episodes to a greater extent 
than placebo and was non-inferior to  propiverine (non-inferiority margin: 14.5%). 
Imidafenacin was well tolerated with a numerically lower AE incidence than 
propiverine. The most common AE dry mouth was observed more frequently than 
with placebo but less frequently than with propiverine  . Neither imidafenacin nor 
placebo increased the mean QTc interval, whereas propiverine caused a small (7.56 
ms) but statistically significant increase in the mean QTc. However, there were no 
clinical arrhythmia and clinical arrhythmic events in any of the treatment groups. 
Similar results have also been published in a Korean study although no prolongation 
of the QTc interval in the propiverine groups was reported from that RCT (Park et al., 
2014). 
 
478 patients from the Japanese phase III study entered into a 52-week open-label 
extension phase, which was completed by 376 patients (Homma and Yamaguchi, 
2008). The efficacy remained stable between weeks 4 and 52.  with imidafenacin-
associated  mean changes from baseline in the number of incontinence episodes (-
83.5%), UUI episodes (-84.2%), voiding frequency (-2.35 micturitions/day), urgency 
episodes (-70.5%), and voided volume (29 mL). There were also improvements from 
baseline in all domains of the KHQ in those who received the treatment, and 376 
patients completed the 52-week program. As in the double-blind phase, 
imidafenacin was well tolerated with dry mouth being the most common AE (40.2% 
of the patients). A comparative long-term study reported equivalent efficacy and 
better tolerability for imidafenacin compared to solifenacin and lower discontinuation 
rates (5.8% vs 13.5%) at study end (Yokoyama et al., 2013). 
 
A multi-center non-inferiority phase IV trial of imidafenacin 0.1mg twice daily vs. 
fesoterodine 4 mg was conducted in Korea (Lee et al., 2013b). No statistically 
significant differences were observed between the 2 treatments for OAB symptoms or 
KHQ scores. Dry mouth rates were 39.4 and 37.3% in the imidafenacin and 
fesoterodine groups, respectively and no statistically differences were shown for AE, 
blood pressure, pulse or residual volume between the groups. Furthermore, in a recent 
study, imidafenacin 0.2 mg was shown to be non-inferior to tolterodine 4 mg as 
assessed by bladder diary parameters and the OAB awareness tool (Pushkar et al., 
2019). However, UUI episodes were statistically less with imidafenacin when 
compared to tolterodine (-1.7 ± 1.7 vs -1.5 ± 1.4). 
 

4.1.3.4. Solifenacin succinate  
 
Solifenacin is available in 5 mg and 10 mg doses, which allows for flexible dosing.  
A dose ranging phase II trial randomized 225 patients with urodynamically confirmed DO 
to receive 2.5, 5, 10, and 20 mg solifenacin, tolterodine IR (2 mg twice daily) or placebo 
for 4 weeks  (Chapple et al., 2004a). The primary efficacy variable, micturition frequency, 
was numerically reduced by solifenacin 5 mg (-2.21), 10 mg (-2.47), and 20 mg (-2.75), 
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by tolterodine (-1.79) or, to a lesser extent, placebo (-1.03). Reductions of urgency and 
incontinence episodes also were numerically greater active treatments than with placebo. 
Study discontinuations due to AE were similar across treatment groups, albeit highest in 
the 20 mg solifenacin group. Based on these data, the 5 mg and 10 mg doses were chosen 
for the phase III program. 
 
An early RCT randomized 1077 patients to 5 mg or10 mg solifenacin, tolterodine IR (2 
mg twice daily), or placebo (Chapple et al., 2004b). Of note, that study was powered to 
compare active treatments to placebo, not to tolterodine. Compared with placebo (-8%), 5 
and 10 mg solifenacin reduced micturitions/24 h by 17% and 20%, respectively, whereas 
tolterodine reduced them by 15%. The active treatments were well tolerated, with few 
patients discontinuing treatment due to AE. Dry mouth occurred in 4.9%, 14.0%, 21.3% 
and 18.6% with placebo, solifenacin 5 mg, solifenacin 10 mg, and tolterodine.  
 
Another RCT randomized 911 patients to a 12-week treatment with 5 mg or 10 mg 
solifenacin or placebo (Cardozo et al., 2004b). The number of daily micturitions was 
reduced with solifenacin 5 mg (-2.37) and 10 mg (-2.81) as compared to placebo (-
1.6). Both solifenacin doses reduced incontinence episodes (5 mg: -1.63, 61%; 10 mg: 
-1.57, 52%) to a greater extent than placebo (-1.25, 28%). Half of patients with 
incontinence at baseline became dry upon treatment with solifenacin (based on a 3-
day micturition diary, placebo responses not given). Similarly, solifenacin  decreased 
urgency, nocturia and increased voided volume. Treatment with solifenacin was well 
tolerated. The most frequent AE was dry mouth, that was mostly of mild severity and 
occurred7.7% and 23% of patients receiving 5 mg and 10 mg solifenacin, respectively 
as compared to 2.3% with placebo. This efficacy and tolerability profile was 
maintained during a 40-week follow-up period (Haab et al., 2005). 
 
The STAR trial compared solifenacin 5 or 10 mg and tolterodine ER 4 mg in a double 
blind, double-dummy, two-arm, parallel-group, 12-week flexible dosing study 
(Chapple et al., 2005c). The participating patients could request a dose increase after 4 
weeks; based on the approved product labelling of tolterodine, dose adjustment was 
only given to patients on solifenacin whereas those on tolterodine received an 
additional placebo, regardless whether they had requested a dose increase. Solifenacin 
was non-inferior to tolterodine in this flexible dosing regimen for the primary efficacy 
variable, micturition frequency. However, solifenacin was more effective than 
tolterodine in the reduction of urgency (-2.85 vs -2.42), incontinence (-1.60 vs -.83), 
UUI (-1.42 vs -0.83), and pad use (-1.72 vs -1.19). The continence rate (59 vs 49%) 
and the PPBC improvement (-1.51 vs -1.33) at study end were also greater with 
solifenacin than with tolterodine . However, the AE incidence was also greater with 
solifenacin than with tolterodine. Dry mouth and constipation of all severities were 
the most common AE with both treatments (solifenacin 30% and 6.4%, tolterodine 
23% and 2.5%). Discontinuations due to AE were comparable and low (5.9 and 
7.3%) . SUNRISE was another trial with flexible solifenacin dosing(Cardozo et al., 
2008). Among591 patients on solifenacin 5 mg at week 8, 46.5% requested a dose 
increase and were further randomized for another 8 weeks to receive solifenacin 5 or 
10 mg (Cardozo et al., 2013). Patients requesting a dose escalation had a greater 
severity of OAB at baseline. Among those requesting a dose increase, those 
randomized to 10 mg solifenacin reported a greater improvement for maximum 
urgency intensity, total urgency score and micturition frequency than those 
randomized to 5 mg. The AE rates were low with dry mouth rates of 0.7 and 5.7% for 
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solifenacin 5 and 10 mg, respectively (Cardozo et al., 2013). In a pooled analysis of 
four RCT, solifenacin demonstrated positive effects on urgency, frequency and 
nocturia symptoms in OAB dry patients (Abrams and Swift, 2005).  
 
The pooled analysis of four studies also confirmed the efficacy and tolerability of 
solifenacin 5 and 10 mg in patients ≥65 years (Wagg et al., 2006). The post-hoc 
analysis of two 12-week, open label, flexible-dosing studies on 2645 patients aged 
≥65 years  confirmed  that solifenacin improved PPBC, symptom bother, and aspects 
of QoL in the elderly (Capo et al., 2011). 
 
Improvement in QoL as assessed by the KHQ has been demonstrated in patients 
treated with solifenacin (Kelleher et al., 2005). Data from 2 large clinical trials and an 
extension study were assessed and statistical improvements compared to placebo were 
seen in 9 out of the 10 QoL domains. Approximately 2/3 of this improvement in QoL 
was seen in the first 12 weeks and the remaining third in the extension period 
(additional 40 weeks), suggesting an improvement over time (Kelleher et al., 2005). 
    

4.1.3.5. Tolterodine tartrate 
 
Tolterodine has similar affinity for all muscarinic receptor subtypes but was proposed to 
have some degree of functional selectivity for the bladder over the salivary glands, 
perhaps reflecting differential tissue distribution (Stahl et al., 1995). In healthy 
volunteers, an orally administered dose of tolterodine (6.4 mg) inhibited micturition and 
concomitantly reduced stimulated salivation as assessed 1 h after drug intake. However, 
the effects on the urinary bladder were maintained after 5 h whereas those on salivation 
had declined, possibly also explained by differential tissue distribution. Animal 
experiments have shown inhibition of afferent signaling from the bladder by muscarinic 
antagonists (Andersson, 2011a). This was further supported by human data from a RCT 
that evaluated the effect of tolterodine on urethral and bladder afferent nerves in women 
with DO in comparison to placebo by measuring the current perception threshold  (Vijaya 
et al., 2012). . They found an increased threshold value at 5 (described as urgency) and 
250 Hz upon both urethral and bladder stimulation after 1 week of treatment with  women 
taking tolterodine exhibiting an increased bladder threshold at the lower frequency.  
 
Tolterodine is approved in its IR formulation at doses of 1 or 2 mg given  twice daily and 
its ER formulation at doses of 2 or 4 mg given once daily. The ER formulations appears 
to have greater efficacy and tolerability than the IR formulation (van Kerrebroeck et al., 
2001). Therefore, the following section will focus predominantly on the ER formulation. 
 
The OPERA study compared effects of10 mg oxybutynin ER (n = 391) and 4 mg 
tolterodine ER (n = 399) during a 12-week treatment period in women with 21-60 UUI 
episodes per week and an average of ≥10 daily voids (Diokno et al., 2003a). Both 
treatments similarly improved weekly UUI episodes. However, oxybutynin appeared 
more effective than tolterodine for reduction urinary frequency and for achieving dry 
status (23.0% vs. 16.8%). However, use of oxybutynin was also associated with a greater 
incidence of (typically mild) dry mouth whereas both groups had similar discontinuation 
rates due to AE.  
 
Two parallel studies were conducted in the ACET (Antimuscarinic Clinical 
Effectiveness Trial) trials, which randomized 1289 OAB patients either to 8 weeks 
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open-label treatment with 2 or 4 mg of tolterodine ER or to 5 mg or 10 mg of 
oxybutynin ER (Sussman and Garely, 2002). The four groups differed in efficacy and 
tolerability outcomes: At end of treatment, a perceived improvement of bladder 
condition was reported by 60% and 70% in the 4 and 8 mg tolterodine groups, 
respectively, and by 59% and 60% in the 5 and 10 mg oxybutynin groups, 
respectively.  All four arms reported dry mouth that was dose-dependent with either 
agents with fewer subjects receiving 4 mg tolterodine reporting dry mouth than those 
received 10 mg oxybutynin. Premature discontinuation occurred in 12% of patients 
receiving 4 mg tolterodine, 19% with 5 mg oxybutynin and 21% with 10 mg 
oxybutynin. These differences in withdrawal rates were largely attributed to those in 
tolerability. While these findings support the conclusion that 4 mg tolterodine ER is 
more effective and better tolerated than 10 mg oxybutynin ER, the open-label design 
limits conclusions from this study. 
 
One RCT evaluated the efficacy, safety, and tolerability of tolterodine ER as compared to 
placebo in 1015 OAB patients in patients with UUI and urinary frequency aged≥65 and 
<65 years during a 12-week period (Zinner et al., 2002). Both age groups exhibited 
similar efficacy and tolerability including dry mouth of any severity (<65: placebo 8.1%, 
tolterodine 22.7%; ≥65: placebo 7.2%, tolterodine 24.3%). While cognitive function was 
not studied specifically, no CNS, visual, cardiac, or laboratory safety concerns were 
noted. Premature discontinuation was also similar in both age groups of patients receiving 
tolterodine (<65: 5.5%; ≥65: 5.1%). 
 
A dedicated analysis of urgency data from a previously reported placebo-controlled RCT 
comparing tolterodine ER and placebo in OAB patients (Freeman et al., 2003) reported 
that44% and 32% receiving tolterodine or placebo, respectively, reported improved 
urgency. Similarly, the inability to hold urine when experiencing urgency was reduced 
58% and 32%.  
 
Tolterodine ER 4 mg and solifenacin 5 mg had comparable effects on urodynamic 
assessment, symptom improvement and AE in women with OAB (Hsiao et al., 2011). 
A safety study reported that tolterodine did not worsen urine flow rate or cause 
clinically meaningful changes in voiding pressure, post-void residual volume (PVR). 
or urinary retention  in men with BOO and DO (Abrams et al., 2006b), indicating that 
antimuscarinics can be safely administered in men with BOO.  
 
The use of tolterodine in pediatric populations has been analyzed in a systematic 
review (Medhi et al., 2013). Based on 17 studies with differing doses of tolterodine, 
the authors concluded that tolterodine was efficacious in treating non-neurogenic 
OAB with comparable efficacy to oxybutynin but with better tolerability. Other 
studies have suggested efficacy in neurogenic patients (Reddy et al., 2008). 
 

4.1.3.6. Trospium 
 
Trospium has been introduced in some countries more than 30 years ago. Interest in this 
drug was renewed when a new clinical trial program was launched to support regulatory 
approval in the US. One study randomized 523 OAB 523 patients with UUI to a 12-week 
treatment with 20 mg trospium b.i.d. or placebo (Zinner et al., 2004). Treatment with 
trospium decreased the number of micturitions per 24 h by 2.37 and UUI episodes by 
59% (placebo: -1.29 and -44%). It also improved the severity of urgency and reduced 
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daytime frequency while increasing voided volume (32 vs.7.7 mL). The onset of 
symptom relief occurred within 1 week and was sustained during the observation period 
study. The number of nocturia episodes was reduced to a minor extent or not at all in both 
groups (-0.43 vs. 0.17). Trospium was well tolerated with dry mouth (21.8 vs. 6.5%), 
constipation (9.5 vs- 3.8%) and headache (6.5 vs. 4.6%) being the most frequently 
reported AE. A second multicenter RCT with the same design and including 658 OAB 
patients reported similar outcomes (Rudy et al., 2006).  
 
A 12-week  phase IIIb study randomized 1658 patients with urinary frequency and UUI to 
15 mg trospium t.i.d. and 2.5 mg oxybutynin t.i.d., with a doubling of doses after 4 weeks 
The dose was not readjusted in 29.2% and 23.2% of trospium and oxybutynin group, 
respectively, until week 12where no relevant differences between the "dose adjustment" 
and the "no dose adjustment" subgroups were observed. Dose escalation was 
accompanied by worsening of dry mouth  with both drugs compared to the respective "no 
dose adjustment" subgroups, but to a lesser degree with trospium. 
 
Subsequently, an ER formulation of trospium was tested in two pivotal RCT including a 
total of 1027 OAB patients; in the pooled analysis of both trials, trospium ER (60 mg) 
compared to placebo improved frequency and UUI episodes per 24 h (Staskin et al., 
2009b). Trospium was also superior to placebo for the secondary endpoints of an OAB 
symptom composite score, urgency episodes and mean voided volume (MVV). Dry 
mouth (10.7% and 8.5%) and constipation (3.7% and 1.5%) occurring more often with 
trospium than placebo. This benefit was maintained in the long-term extension study (n = 
667) with trospium ER also showed benefit in managing OAB (Zinner et al., 2011). 
Improvements were seen in the placebo to trospium group and efficacy maintained in the 
trospium-to-trospium group by end of study. Approximately 85% of the population felt 
their symptoms were improved with trospium treatment. Improvements in QoL were also 
demonstrated when using the KHQ. A sub-analysis of pooled data from the placebo-
controlled RCT has also demonstrated efficacy in patients aged ≥ 75 (Sand et al., 2011).  
 
An RCT of differing doses of trospium IR and placebo in a pediatric population of 
patients with DO (n = 58) reported that it had a positive effect in 82% of patients (Lopez 
Pereira et al., 2003). Approximately ¾ of the responders also demonstrated urodynamic 
improvement. In general, trospium was well tolerated and in this study dosing between 
10-25 mg was not statistically different in terms of outcome. 
 

4.1.4. Antimuscarinics with “mixed” action 
 
Some muscarinic receptor antagonists have additional mechanism of action, which may 
or may not contribute to their overall clinical profiles. These additional effects directly 
acting on the bladder often are poorly defined (Hughes et al., 1992) and in most cases 
occur at higher drug concentrations than the antimuscarinic effects.   
 

4.1.4.1. Oxybutynin  
 
Oxybutynin exhibits a minor selectivity for M1 and M3 as compared to M2 receptors 
(Nilvebrant and Sparf, 1986; Noronha-Blob and Kachur, 1991). It has high affinity for the 
receptors in human bladder, where it inhibits carbachol-induced contractions (Nilvebrant 
and Sparf, 1986; Waldeck et al., 1997). Additionally, oxybutynin has a direct muscle 
relaxant effect and local anesthetic actions. The latter is unlikely to be relevant upon oral 
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or transdermal administration but may be important upon intravesical administration. 
Oxybutynin was 500 times less potent as a direct smooth muscle relaxant than as a 
muscarinic receptor antagonist (Kachur et al., 1988).  
 
Oxybutynin was originally introduced in an IR formulation, but meanwhile an ER 
formulation for oral use and transdermal formulations have also become available. A 
summary of 15 RCT including 476 patients  reported that oxybutynin IR decreased 
incontinence episodes by 52% and frequency by 33% (data on placebo not presented) 
(Thüroff et al., 1998). While the overall subjective improvement rate was high (74 %, 
range 61%-100%), so was the percentage of patients reporting an AE (70, range 17%-
93%). 
 
While most ER formulations were developed to provide more convenient administration 
by once-daily dosing, the development of oxybutynin ER also aimed to shift absorption to 
the large intestine and bypass hepatic first-pass metabolism to decrease the formation of 
N-desethyl-oxybutynin and thereby improve tolerability, particularly occurrence of dry 
mouth. Oxybutynin IR and tolterodine IR markedly but transiently reduced salivary 
production 2 h after administration, whereas salivary output was maintained at pre-dose 
levels throughout the day after oxybutynin ER (Chancellor et al., 2001). 
 
Randomized dose-ranging studies with 5, 10 and 15 mg oxybutynin ER detected a dose-
response relationship for UUI and dry mouth with 15 mg oxybutynin yielding the greatest 
patient satisfaction (Corcos et al., 2006). In a comparison of the efficacy and tolerability 
of 10 mg oxybutynin ER with 2 mg b.i.d. of tolterodine IR (OBJECT study) found 
slightly greater reductions UUI episodes with oxybutynin (from 25.6 to 6.1 vs. from 24.1 
to 7.8), total incontinence episodes (from 28.6 to 7.1 vs. 27.0 to 9.3), and frequency ( 
from 91.8 to 67.1 vs. 91.6 to 71.5), whereas both medications were equally well tolerated 
(Appell et al., 2001). . The OPERA study compared the ER formulations of oxybutynin 
(10 mg) and tolterodine (4 mg) and did not detect a statistically significant difference in 
efficacy for the primary endpoint of UUI while tolterodine had a statistically lower 
incidence of dry mouth. Oxybutynin exhibited statistical superiority to tolterodine only 
for the endpoint of urinary frequency (Diokno et al., 2003b).  
 
An observational, flexible-dosing study of real world clinical practice followed 
outcomes if dosing of oxybutynin ER could be individually adjusted after discussions 
of efficacy and tolerability between doctor and patient (Yoo et al., 2012). 73.2% 
(590/809) of patients continued to take study medication for the planned observation 
period of 12 weeks. The starting and maintenance dose was 5–10 mg oxybutynin in 
most patients, and only 14.9% opted for a dose escalation.  
 
In many parts of the world the only licensed medicine for use in pediatric OAB is 
oxybutynin. The FOXY study (see section 4.1.3.2) has shown efficacy of both 
fesoterodine and oxybutynin ER in managing pediatric OAB (Ramsay et al., 2020). 
 
Similar to the oral ER formulation, the transdermal patch formulation of oxybutynin 
also avoids first-pass metabolism in the liver, thereby reducing the relative 
contribution of N-desethyl-oxybutynin (Davila et al., 2001). The patch is administered 
twice weekly and delivers a daily dose of 3.9 mg oxybutynin. In a direct comparison 
between the transdermal (patch) and the IR formulation using a double dummy 
approach, both reduced daily incontinence episodes to a similar degree (patch: from 
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7.3 to 2.3, 66%; IR: from 7.4 to 2.6, 72% ), but dry mouth occurred much less 
frequently with the patch (38% vs. 94%) (Davila et al., 2001). The patch formulation 
was also superior to placebo for reduction of incontinence episodes (4.7 to 1.9 vs. 5.0 
to 2.9) and urinary frequency accompanied by an increased MVV (165 to 198 mL vs. 
175 to 182 mL) with a similar incidence of dry mouth (7% vs 8.3%) (Dmochowski et 
al., 2002). In a subsequent comparison of transdermal oxybutynin, tolterodine ER and 
placebo both active treatments equivalently reduced daily incontinence episodes and 
increased MVV relative to placebo, but tolterodine was associated with more  
antimuscarinic AE (Dmochowski et al., 2003b). The main AE for transdermal 
oxybutynin occurred at the application site (pruritus 14%, erythema in 8.3%), which 
led to study discontinuation in nearly 9% of patients. In a pooled analysis of the two 
RCT transdermal oxybutynin was efficacious and well tolerated (Dmochowski et al., 
2005). The most common systemic side effect was dry mouth (7.0 % vs placebo 
5.3%), whereas the incidence of pruritus and erythema was 16.1% and 7%, 
respectively. However, another study suggested that transdermal oxybutynin and 
placebo did not differ in achieving patient selected goals of therapy (Cartwright et al., 
2010). 
 
Recently the transdermal patch (3.9 mg) has been shown to be subjectively effective in a 
small pediatric population (n = 35, mean age 8 years), but irritation at the application site 
occurred in 35% and discontinuation in 20% (Gleason et al., 2014).  
 
To combine the benefit of forming less N-desethyl-oxybutynin from the patch and 
avoiding administration site AE from oral formulations, an oxybutynin gel formulation 
was developed that is applied once daily to the abdomen, thigh, shoulder, or upper arm 
area. The 1 g dose of gel delivers approximately 4 mg of drug to the circulation with 
stable plasma concentrations and a favorable ratio of N-desethyl-oxybutynin metabolite to 
oxybutynin (Staskin and Robinson, 2009). A multicenter RCT assigned 789 patients 
(89% women) with urgency-predominant incontinence to the oxybutynin gel or placebo 
once daily for 12 weeks (Staskin et al., 2009a). Oxybutynin reduced UUI episodes by 3.0 
as compared to 2.5 in the placebo arm. Urinary frequency decreased by 2.7 vs. 2.0 
episodes per day and MVV increased by 21 mL vs. 3.8 mL. Dry mouth occurred in 6.9% 
vs. 2.8% and skin reaction at the application site in 5.4% vs. 1.0% . Similar findings were 
demonstrated in another large RCT of the gel (Sand et al., 2012a). 
 
A newer 3% topical oxybutynin gel is administered via a metered dose pump 
dispenser and uses propylene glycol to improve skin permeation. Two doses of 84 and 
56 mg of the 3% topical oxybutynin were assessed against placebo gel in 626 patients 
with urgency and/or urge predominant mixed incontinence (Goldfischer et al., 2015). 
The 84 mg dose was statistically superior to placebo after 12 weeks in improving 
weekly incontinence episodes (primary endpoint), daily urinary frequency and MVV. 
The lower dose of 56 mg was not statistically superior to placebo. Dry mouth and 
application site erythema was seen in 12.1% and 3.3% in the 84 mg group compared 
to 5% and 0.5% in the placebo arm.   
 
The intra-vesical administration oxybutynin was found to increase bladder capacity, 
improve symptoms and exhibit good tolerability in both neurogenic and other types of 
DO, and in both children and adults; however, systemic AE may still occur (George et 
al., 2007; Guerra et al., 2008; Lose and Nørgaard, 2001) reflecting that intravesical 
administration of oxybutynin leads to system bioavailability (Krause et al., 2013). 
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4.1.4.2. Propiverine hydrochloride 

 
In addition to its muscarinic receptor antagonist properties, propiverine also inhibits 
L-type Ca2+ channels (Haruno, 1992; Tokuno et al., 1993) and α1-adrenoceptors 
(Michel and Hegde, 2006; Wuest et al., 2011). Of note, the relative potency at 
muscarinic receptors, L-type Ca2+ channels and α1-adrenoceptors differ between the 
parent compound and the active metabolites. The clinical relevance of these additional 
properties has not been established. While originally introduced in an IR formulation 
(15 mg b.i.d. or t.i.d), propiverine now also is available in an ER formulation (30-45 
mg); dosing recommendations differ in some Asian countries Propiverine is also 
approved in pediatric indications (McKeage, 2013). 
 
Propiverine IR has beneficial effects in patients with DO in several studies including 
many in OAB patients (Madersbacher and Mürtz, 2001). A pooled analysis of 9 early 
RCT with a total of 230 patients found a 17% reduction in micturitions, a 64 mL 
increase in bladder capacity, and a 77% (range 33-80%) subjective improvement 
(Thüroff et al., 1998). AE were found in 14 % (range 8-42%). A more recent large 
phase III study designed to evaluate the efficacy and safety of propiverine ER also 
confirmed the benefits of propiverine IR used as active control (Jünemann et al., 
2006) (see below). 
 
The efficacy and safety of propiverine IR was compared to that other muscarinic 
receptor antagonists in some RCT, sometimes also involving a placebo group. One 
study compared the urodynamic efficacy of propiverine IR (15 mg t.i.d.), oxybutynin 
(5 mg b.i.d.) and placebo in 366 patients with urgency and UUI (2:2:1 randomization) 
during a 4-week treatment phase (Madersbacher et al., 1999). Both drugs improved 
the cystometric bladder capacity and bladder capacity at first desire to void. Another 
study randomised patients with idiopathic DO to receive propiverine IR 15 mg b.i.d. 
or tolterodine IR 2 mg b.i.d. over a period of 28 days (Jünemann et al., 2005). Both 
treatments similarly increased cystometric bladder capacity and volume at first 
urgency, bladder diary parameters and KHQ scores and had similar AE incidence.  
 
A double-blind, placebo-controlled RCT randomized children aged 5–10 years to 
treatment with propiverine (n = 87) or placebo (n = 84) (Marschall-Kehrel et al., 
2009). Propiverine caused greater reductions in voiding frequency and incontinence 
episodes and greater increases in MVV. Propiverine was well-tolerated with an AE 
incidence of 23% as compared to 20% for placebo. A retrospective chart review study 
compared propiverine (n = 437) with oxybutynin (n = 186) in Germany and found 
about 60% of patients reaching continence with either medication during an 
observation period of 186-259 days (Alloussi et al., 2010). Used propiverine doses 
were by average lower than recommended doses (0.54 vs. 0.8 mg), whereas those for 
oxybutynin were not (0.31 vs. 0.2-0.4 mg). AE (3.9% vs. 16.3%) and discontinuation 
due to AE (1.6% vs. 4.4%) were less with propiverine. More recent and larger 
observational studies also reported that about 50% of incontinent OAB patients 
became dry after 12 weeks of treatment with propiverine ER (Müderrisoglu et al., 
2022). 
 
The efficacy and safety of propiverine ER relative to placebo has been evaluated in 
several RCT, most of them including either propiverine IR or other muscarinic 
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receptor antagonists, with propiverine being used as the positive control in the latter 
studies. After initial use of propiverine ER in a dose-ranging study employing 
multiple formulations (Mazur et al., 1995), a pivotal study was performed in which 
928 OAB patients were randomized to receive propiverine ER 30 mg q.i.d., 
propiverine IR 15 mg b.i.d. or placebo in a double dummy design (Jünemann et al., 
2006). Both propiverine formulations had comparable efficacy as compared to 
placebo (reduction in incontinence episodes by 2.46, 2.26 and 1.75 per day, 
respectively). AE including incidence of dry mouth was also similar for both 
propiverine formulations. In a Japanese study, 567 OAB patients were randomized to 
receive 20 mg propiverine ER or placebo for 12 weeks (Gotoh et al., 2011). 
Propiverine reduced frequency to a greater extent than placebo (1.86 vs. 1.36 per day) 
and was also superior to placebo for the secondary endpoints of urgency, UUI, and 
urine volume/micturition as well as the KHQ score. QTc prolongation to >500 ms 
were not observed.  
 
Several studies in Asia used propiverine ER 20 mg as positive control in placebo 
controlled RCT of new muscarinic antagonists or new formulations. One study 
randomized 1593 OAB patients to receive solifenacin 5 or 10 mg, propiverine of 
placebo (Yamaguchi et al., 2007). All three active treatment showed similar efficacy 
for the primary endpoint of urinary frequency relative placebo. They were also all 
effective for a range of secondary endpoints including urgency, incontinence, UUI, 
nocturia, MVV and QoL. Solifenacin 10 was statistically superior to solifenacin 5 mg 
or propiverine for urgency, nocturia and MVV but also was associated with a greater 
incidence of dry mouth and constipation. Another RCT randomized 781 patients to 
receive to 12-week treatments with imidafenacin 0.1 mg, propiverine or placebo 
(Homma and Yamaguchi, 2009). While both treatments reduced incontinence 
episodes (primary endpoint) to a greater extent than placebo; while the % change 
from baseline appeared greater in the propiverine than in the imidafenacin group, this 
did not meet the criteria for inferiority. Both active treatments were also effective for 
all secondary endpoints of UUI, frequency, urgency, MVV with propiverine 
consistently exhibiting greater numerical changes from baseline than imidafenacin. 
Finally, a study randomized 1530 OAB patients to receive the oxybutynin patch, 
propiverine or placebo (Yamaguchi et al., 2014b). Both active treatments were 
effective relative to placebo for the primary endpoint of number of micturitions and 
the secondary endpoints of urgency and MVV, but not for UUI, incontinence or 
nocturia. The two treatments had comparable efficacy for all endpoints.  
 
Propiverine ER 30 mg was compared to tolterodine ER 4 mg in a non-inferiority trial 
with approximately 160 OAB patients from China in each study arm (Leng et al., 
2017). Both treatments improved frequency (primary endpoint) and UUI relative to 
baseline after 8 weeks of treatment. While the incidence of AE was about 40% in both 
groups, withdrawal due to AE was less frequent with propiverine than with 
tolterodine (3.1% vs. 7.4%). A Korean study compared the efficacy and safety of 
imidafenacin 0.1 mg and propiverine ER 20 mg in 162 patients during a 12-week 
period (Park et al., 2014). Both drugs caused similar reductions in % of UUI (about 
70%). Both drugs were also similarly effective for secondary endpoints of frequency, 
MVV, urgency, achievement of continence and severity of urgency.  
 
Recently, two large non-interventional studies using propiverine ER (30-45 mg) for 
an intended observation period of 12 weeks and allowing for dose adjustment after 
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about 4 weeks in 1335 and 745 patients have been analyzed for multiple outcomes. 
Patients starting on the 45 mg dose by average had somewhat worse baseline 
symptoms, but those starting at 30 mg and staying on that dose, starting at 30 and 
escalating to 45 mg, and those starting at 45 mg and staying on that dose had 
comparable improvements at study end (Amiri et al., 2021). Chances to become free 
of a given symptom were greatest for incontinence and frequency (about 50%), less 
for urgency (about 20%) and least for nocturia (about 10%); the latter increased 
considerably if up to one episode per night was accepted as symptom free 
(Müderrisoglu et al., 2022). Improvements in PPBC were only poorly correlated to 
those in urgency, incontinence, frequency or nocturia (Schönburg et al., 2022). 
 

4.1.5. Antimuscarinic effects on the prostate 
 
As male LUTS can result from problems in the bladder, the prostate, or both, the 
effect of muscarinic antagonists on the prostate has been explored. All five muscarinic 
receptors are present in the endothelium and smooth muscle cells of small arteries in 
the prostate (Walch et al., 2001). The human prostate expresses muscarinic receptors 
at the protein level at densities exceeding those of α1‐adrenoreceptors, with a 
preponderance of the M1 subtype on the prostatic epithelium and a smaller population 
of the M2 subtype on stromal cells (Ventura et al., 2002; Witte et al., 2008). In 
primary epithelial and stromal cultures of enlarged prostates, M1, M3, and M5 
receptors were expressed in the prostatic epithelium, and M2 and M4 receptors were 
found in the prostatic stroma (Obara et al., 2000). In cell cultures, carbachol, a 
muscarinic receptor agonist, stimulated prostatic growth of prostate cancer cells 
through increased DNA synthesis, which is  mediated by M3 receptors (Rayford et al., 
1997).  
 
Based on such results, it was assessed whether solifenacin influenced the growth and 
vascularity of the prostate in men with an enlarged prostate and OAB symptoms 
(Sakalis et al., 2018). Men with a prostate volume >30 mL, predominantely storage 
LUTS, urgency episodes ≥3/24 h, Qmax ≥10 mL/s, and PVR ≤100 mL were 
randomized to receive either tamsulosin or tamsulosin + solifenacin. After 6 months, 
the combination group exhibited a reduced prostate volume (mean –9.5%), whereas 
the tamsulosin group had an increase (+9.2%). Similar changes were noted in 
adenoma volume (tamsulosin +17.4% vs. combination –12.5%) and prostate 
vascularity (tamsulosin +149.3% vs. combination –19.8%). This pilot study indicates 
that muscarinic antagonists might affect the morphometric properties of the prostate, 
decreasing total prostate and adenoma volume, as well as vascularity, which is in line 
with the high expression density of muscarinic receptors in the prostate (Witte et al., 
2008). Further investigation is needed to determine the molecular mechanisms of 
antimuscarinics in the prostate. 
 

4.2. β3-Adrenoceptor agonists 
 
Two β3-AR agonists have become available for clinical use in OAB patients, 
mirabegron and vibegron while others either failed to reach the primary endpoint in 
pivotal studies or were not pursued for non-scientific reasons (see section 4.2.3). 
 

4.2.1. Mirabegron 
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4.2.1.1 Pharmacodynamics 
 
Mirabegron is an agonist that generates selectivity for β3-AR in two ways: Firstly, it 
has greater affinity/potency as compared to β1‐ and β2‐AR. Second, it has strong 
agonistic effects β3-AR but is a weak partial agonist at β1‐ and β2‐AR (Table 1) 
(Igawa and Michel, 2013; Takasu et al., 2007b). Despite this selectivity among the β‐
AR subtypes, it has ancillary properties in low micromolar concentrations, i.e., those 
comparable to its affinity at β3-AR. This includes affinity for muscarinic receptors 
(U.S. Food and Drug Administration, 2012) and α1-AR with being an antagonist at the 
latter (Alexandre et al., 2016; Huang et al., 2021). However, it has been questioned 
whether this is therapeutically relevant because the necessary concentrations typically 
are not achieved upon therapeutic dosing (Michel, 2016). Moreover, it has been 
suggested that mirabegron may have indirect sympathomimetic activity in the human 
heart (Mo et al., 2017), and speculated that this may underly its rare cardiovascular 
AE (Andersson, 2017). 
 
Mirabegron causes relaxation of isolated detrusor strips in multiple species including 
humans (Igawa and Michel, 2013). Similar to other β‐AR agonists (Cernecka et al., 
2014; Erdogan et al., 2022), is has lower potency for detrusor relaxation when tone 
has been induced by a muscarinic agonist as compared to other stimuli or basal tone. 
As observed with all β‐AR agonists, it remains under discussion whether these effects 
on detrusor smooth muscle are the main explanation for its therapeutic effects (see 
section 3.2.2). 
 
Also similar to other β3-AR agonists (see section 3.2.5), mirabegron decreases the 
frequency of non-voiding contractions and micturition frequency in experimental 
animals but has little effect on the amplitude of non-voiding contractions, micturition 
pressure, threshold pressure, MVV, residual volume or bladder capacity in most 
studies (Hatanaka et al., 2013a; Hatanaka et al., 2013b; Wada et al., 2016). Its effects 
may be additive with those of muscarinic antagonists (Wada et al., 2016). 
 

4.2.1.2 Pharmacokinetics 

The highly lipophilic mirabegron is clinically available as a tablet using the Oral 
Controlled Absorption System (OCAS) formulation. It is rapidly absorbed after oral 
administration with a tmax at 2 h and a terminal elimination half-life of 23–25 h, 
implying that steady-state is reached within about 7 days (Eltink et al., 2012).While 
exposure is  similar in older and young subjects, females had an ∼40% greater 
exposure than men, which was reduced to ∼20% after adjusting for body weight 
(Krauwinkel et al., 2012). Both parent compound and inactive metabolites are found 
in plasma. Most of an administered dose is renally excreted  and one third is 
recovered in feces, mainly as the unchanged form in both cases (Takusagawa et al., 
2012b). Whether the renally excreted part affects bladder function from the luminal 
side is unknown. Based on its high lipophilicity, it can be assumed that mirabegron 
passes the blood–brain barrier, but little information on possible CNS effects is 
available  (Füllhase et al., 2011).  Some experimental data support the idea that 
mirabegron acts primarily in the periphery (Wróbel et al., 2020c). A minor fraction of 
mirabegron is hepatically metabolized via multiple pathways, mainly by cytochrome 
P450 CYP3A and to a minor extent by CYP2D6 in humans (Lee et al., 2013a; 
Takusagawa et al., 2012a; Takusagawa et al., 2012c). While this metabolism creates a 
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theoretical liability for drug–drug interactions, direct drug interaction studies found 
that administration of CYP3A inhibitors such as ketoconazole increased mirabegron 
exposure by less than 2-fold, suggesting that dose adjustment is not required in the 
presence of comedications with potent CYP3A4 inhibitors. CYP2D6 genotype 
appears to have only a small effect on exposure to mirabegron that apparently is of 
limited clinical importance (Lee et al., 2013a). 
 
The recommended dose of mirabegron differs by jurisdiction. A starting dose of 25 
mg mirabegron that can be increased to 50 mg is recommended in the USA, whereas 
50 mg is the recommended starting dose in Japan and Europe; despite being studied in 
the phase III program, the 100 mg dose is not approved for clinical use. 
  

4.2.1.3 Clinical efficacy and safety in OAB patients  

The effects of mirabegron in OAB patients of both genders (Chapple et al., 2014c; 
Chapple et al., 2020a; Cui et al., 2014; Nitti et al., 2013c; Rossanese et al., 2015) and 
in men with both voiding and storage symptoms (Otsuki et al., 2013; Suarez et al., 
2013) have been reviewed repeatedly. The overall conclusion is that mirabegron has 
provides relief of OAB/DO and with an acceptable tolerability. Dry mouth and 
constipation occur at similar rates as with placebo, indicating an advantage as 
compared to antimuscarinics (Chapple et al., 2014c; Cui et al., 2014; Rossanese et al., 
2015). These conclusions are primarily based on 12-week, phase III studies conducted 
in Europe and Australia (SCORPIO) (Khullar et al., 2013), in the USA/Canada 
(ARIES) (Nitti et al., 2013a) and in Europe/USA/Canada (CAPRICORN) (Herschorn 
et al., 2013). While the 25 mg dose was tested only in the CAPRICORN study, the 50 
mg dose was investigated in all three studies, and the 100 mg dose only in SCORPIO 
and ARIES. The co-primary endpoints in all three studies were change from baseline 
to final visit in mean number of micturitions and mean number of incontinence 
episodes vs. placebo. These improvements were seen from the earliest timepoint 
assessed onwards, 4 weeks, and were maintained over time. Another phase III trial 
conducted in Japan (Yamaguchi et al., 2014a) confirmed the efficacy of 50 mg 
mirabegron. The reduction at study end as compared to placebo was -1.67 vs. -0.86 
for number of micturitions, -1.12 vs. -0.66 for incontinence, -1.85 vs. -1.37 for 
urgency, and -1.01 vs. -0.60 for UUI episodes), whereas the increase in voided 
volume voided was 24.3 with mirabegron vs. 9.7 mL with placebo.  
 
Mirabegron 50 and 100 mg was similarly effective in patients ≥65 years, and 
treatment-naive subjects and those with previously discontinued antimuscarinic 
therapy (Chapple et al., 2014c; Nitti et al., 2013c). Beneficial effects were also found 
when the data were analyzed based on responder status for becoming dry, or reduction 
incontinence episodes by ≥50% , or reaching ≤8 micturitions/24 h at study end 
(Chapple et al., 2013a). Patients perceived these improvements as clinically 
meaningful based on measures of health related QoL and treatment satisfaction. 
However, these studies also indicate that the 100 mg dose does not confer markedly 
greater efficacy but may have more side effects. Accordingly, the 100 mg dose has 
not been approved for treatment. Based on cognitive issues of antimuscarinics in the 
elderly, mirabegron may be a better option than antimuscarinics for those aged >75 
years and also for elderly patients susceptible to constipation (Müderrisoglu et al., 
2019). 
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The pooled data from the global 12-week studies, including the placebo and positive 
control arms with muscarinic receptor antagonists, were analyzed in subgroups of 
OAB patients defined by age (<65 vs. ≥65 years or <75 vs. ≥75 years) and gender 
(Chapple et al., 2020a). These data further support the efficacy and safety of 
mirabegron as compared to placebo or muscarinic antagonists irrespective of age and 
gender. Drug-related AE were more frequent with antimuscarinics followed by 
mirabegron and then placebo. As expected, due to anticholinergic effects, dry mouth 
was more frequent with antimuscarinics as compared to mirabegron or placebo. 
Generally, the incidence of AE was similar in the mirabegron, antimuscarinic and 
placebo groups.  
 
A dedicated phase IV RCT was conducted in incontinent patients ≥ 65 years to test 
the efficacy and safety of mirabegron in elderly OAB patients during a 12 week 
period (PILLAR study) (Wagg et al., 2020). Patients started with a daily mirabegron 
dose of 25 mg, and half of them increased it to 50 mg after 4 or 8 weeks based on 
patient or clinician discretion. Mirabegron was superior to placebo for the primary 
endpoint (change from baseline to end of treatment in the mean number of daily 
incontinence and micturition episodes) and for several secondary endpoints. This was 
similarly found in the subgroup aged ≥ 75 years. The type and incidence of AE were 
in line with previous studies enrolling younger patients (Herschorn et al., 2020). 
Specifically, drug-related cognitive deterioration as assessed by the Montreal 
Cognitive Assessment was not observed (Griebling et al., 2020).  
 
Urinary retention was infrequent in a pooled safety analysis of three non-Japanese 
phase III studies (Nitti et al., 2013d), and if anything numerically smaller than with 
placebo or tolterodine (placebo: n = 7; 0.5%; mirabegron 25 mg: n = 0; mirabegron 50 
mg: n = 1; 0.1%; mirabegron 100 mg: n = 0; total mirabegron: n = 1; < 0.1%, and 
tolterodine: n = 3; 0.6%. PVR was not changed from baseline to end-of-study to a 
clinically relevant extent in any group (all group means within ±3 mL). Subjects with 
a ≥ 150 mL change in PVR were <1% in all groups. Although patients with a large 
baseline PVR or risk of retention were excluded from those studies, as in the 
antimuscarinic studies of men with BPO, mirabegron can be a reasonable option for 
treating OAB symptoms.  
 
Hypertension was the most frequent AE in the pooled 12-week studies occurring with 
similar incidence in patients receiving mirabegron 50 mg or placebo (7.5% vs.7.6%) 
(Michel and Gravas, 2016). A recent systematic review on the cardiovascular safety 
of β3-AR agonists also suggested that the cardiovascular safety of mirabegron is 
acceptable with the 25-50 mg doses and comparable with that of antimuscarinic 
agents; however, it also pointed out that data on risk groups such as patients with 
poorly controlled hypertension, arrhythmia, or heart failure are currently missing 
because those patients were excluded from previous studies (Rosa et al., 2016). There 
have been reports of hypertensive crisis and cerebrovascular and cardiac events 
associated with hypertension with a clear temporal relationship with the use of 
mirabegron (Rosa et al., 2016). Therefore, the prescribing information concludes that 
blood pressure should be measured periodically in patients receiving mirabegron 
(U.S. Food and Drug Administration, 2015). Severe uncontrolled hypertension 
became a contraindication for the use of mirabegron (Michel and Gravas, 2016; Rosa 
et al., 2016). Additional clinical data are required for a comprehensive assessment of 
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potential cardiac effects of mirabegron, particularly from real-life settings (Michel 
and Gravas, 2016). 
 
One RCT of 12 months duration compared the tolerability and safety of 50 and 100 
mg mirabegron with 4 mg tolterodine ER in 2444 OAB patients with incidence and 
severity of AE as the primary endpoint (Chapple et al., 2013a). They were comparable 
across the three treatments, but dry mouth was less frequent with 50 and 100 mg 
mirabegron than with tolterodine (2.8%, 2.3% and 8.6%, respectively). Mean changes 
in morning systolic blood pressures from baseline were 0.2, 0.4, and -0.5-mm Hg, 
respectively. All three treatments improved OAB symptoms relative to baseline from 
the first measured time point (4 weeks), and these improvements were maintained 
throughout the study period of 12 months. This confirms the general finding that dry 
mouth and constipation are key AE of muscarinic antagonists but essentially non-
existent with mirabegron in comparison to placebo (Chapple et al., 2014c; Chapple et 
al., 2013a; Cui et al., 2014; Rossanese et al., 2015). 
 
The Beyond study randomized patients dissatisfied with previous antimuscarinic 
treatment because of lack of efficacy to double-blind treatment with mirabegron 50 
mg and solifenacin 5 mg in a noninferiority approach (Batista et al., 2015). While 
both treatments yielded clinically meaningful reductions in efficacy variables and 
were well tolerated, the adjusted mean treatment difference for the primary endpoint, 
mean number of micturitions/24 h was -0.18 (-0.42, 0.06), which did not meet the 
prespecified margin for noninferiority. 
 
A retrospective study from the UK has suggested that persistence on treatment is 
better for β3-AR agonists such as mirabegron than for antimuscarinics in the treatment 
of OAB (Chapple et al., 2017). While the median time-to-discontinuation was longer 
for mirabegron (169 d, interquartile range 41-not reached) compared to tolterodine ER 
(56 d, IQR 28-254; adjusted hazard ratio 1.55, 95% confidence interval 1.41-1.71; 
p<0.0001) and other antimuscarinics (range 30-78 d; adjusted hazard ratio range 1.24-
2.26, p<0.0001 for all comparisons), more than 50% of all patients did not stay on 
mirabegron for at least 6 months. 
 
4.2.1.4. Efficacy and safety in children 

 
Effects of mirabegron in children with OAB have largely been explored in open-label 
studies. One study gave mirabegron for a median of 11.5 months to 58 children with 
OAB and a median age of 10.1 years who had shown suboptimal responses to 
intensive behavioral therapy and medical therapy (with at least two antimuscarinics) 
or had suffered intolerable AE (Blais et al., 2016). Median bladder capacity improved 
from 150 mL to 200 mL. Continence improved in 52 of 58 children, with 13 
becoming completely dry. Median PPBC improved from 4 to 2. Eight patients 
reported mild or moderate AE. While promising, these findings are difficult to 
interpret due to the absence of a placebo or other comparator group. 

 
A retrospective review looked at 70 children (50 girls, median age 15 [range 8-16] 
years) who had received mirabegron 25 mg (n = 29) or 50 mg (n = 41) (Fryer et al., 
2020). The persistence on treatment after 6 months was 53% including 30 children on 
monotherapy and 7 on combination therapy (solifenacin n = 4, desmopressin n = 2, 
both n = 1). In the monotherapy group, 6 of 17 (35%) had improvement in nocturnal 
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incontinence, 11 of 19 (58%) in daytime incontinence, 12 of 20 (60%) in frequency, 
and 8 of 21 (38%) in urgency. For patients receiving combination therapy, 2 of 6 
(33%) had improvement in nocturnal incontinence, 2 of 4 in daytime incontinence 
(50%), 2 of 4 (50%) in frequency, and 4 of 6 (67%) had an improvement in urgency. 
The discontinuation in the full cohort was largely due to lack of efficacy(n = 28), 
worsening of symptoms (n = 4) and/or AE (n = 7), including dry mouth (n = 2), 
headaches (n = 4), dizziness (n = 1), nausea/vomiting (n = 3), increased seizures (n = 
1), and rash (n = 1). 
 
While these studies are insufficient to allow robust conclusions on the efficacy and 
safety of mirabegron in children with OAB, they are in line with the findings from the 
controlled studies in adult patients. 
 

4.2.2. Vibegron 
 
The β3‐AR agonist vibegron (RVT-901, MK‐4618, KRP-114V) potently stimulated 
cAMP formation in CHO cells stably transfected with the human β3‐AR and exhibited 
high selectivity over β1‐ and β2‐ vs. β3‐AR across multiple species (Edmondson et al., 
2016a) (Table 1). Vibegron lacks stimulatory and inhibitory effects on cytochrome 
P450 enzymes, indicating a low risk for pharmacokinetic drug–drug interactions. 
 
The efficacy and safety of vibegron were initially tested in a phase III study 
conducted in OAB patients in Japan (Yoshida et al., 2018b). A total of 1232 patients 
were randomized to a 12-week treatment with either placebo, vibegron (50 mg or 100 
mg), or as positive control imidafenacin (0.1 mg b.i.d.). Patients receiving 50 or 100 
mg vibegron or imidafenacin had improvements relative to placebo in the primary 
endpoint (change in the mean number of micturitions/day from baseline at week 12) 
and secondary endpoints (changes from baselines in daily episodes of urgency, UUI, 
incontinence, and nocturia, and MVV) with comparable magnitude of improvements 
for all three active treatments. All three active treatments were also superior to 
placebo for normalization of micturition, resolution of urgency, UUI, and 
incontinence. Vibegron and imidafenacin improved QoL with high patient satisfaction. 
Incidences of drug-related AE with vibegron 50 mg and 100 mg were 7.6%, 5.4%, 
similar to placebo (5.1%), and less than with imidafenacin (10.3%). 
 
A post-hoc analysis of the above Japanese phase III trial compared the efficacy of the 
two vibegron doses and of placebo in patients with mild to moderate (>0 and <3 UUI 
episodes/day) vs. those with severe UUI (≥3 episodes/day); the imidafenacin group 
from the original trial was not included in this post-hoc analysis (Yoshida et al., 2020). 
Based on higher baseline values, absolute reductions were larger with all three 
treatments in the severe UUI groups, but the two doses of vibegron were superior to 
placebo within each baseline severity cohort. Similar findings were obtained for MVV, 
dry rates and the Patient Global Impression score, although not reaching statistical 
significance for each comparison. A shorter disease history, fewer micturitions and 
fewer UUI episodes at baseline were associated with a greater chance for 
normalization of UUI. Another post-hoc analysis of the Japanese phase III trial 
reported that on the efficacy of vibegron on nocturia in patients with OAB (Yoshida et 
al., 2019). Among the 669 patients with nocturia at baseline (≥1 nocturnal void), 50 
and 100 mg vibegron reduced the number of nocturnal voids from baseline values of 
1.69-1.75 by 0.74 and 0.78 episodes, respectively, as compared to a reduction by 0.58 
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episodes in the placebo group. This was associated with a greater mean volume of 
nocturnal voids and a greater number of hours of undisturbed sleep. Other than 
vibegron treatment, lack of previous treatment with anticholinergics, ≥12 voids per 
day and <180 min of undisturbed sleep at baseline were associated with a greater 
reduction in the frequency of nocturnal voiding. 
 
A 1-year, multicenter, open-label, non-controlled phase III trial conducted in Japan 
confirmed long-term safety and efficacy of 50 mg vibegron (Yoshida et al., 2018a). 
Participants with insufficient efficacy after 8 weeks were up-titrated to 100 mg for the 
remaining 44 weeks. While most patients stayed on the 50 mg dose ((118, 69.8%), the 
dose was increased to 100 mg in 51 patients (30.2%). Drug-related AE were reported 
by 18.1% and 11.8% in the 50 and 100 mg group, respectively, indicating that the AE 
incidence was not dose-related. Most frequent drug-related AE were dry mouth 
(3.0%), increased PVR (3.0%), constipation (2.4%), and cystitis (1.8%). The 
improvements in frequency, urgency, UUI, incontinence and night-time frequency 
observed after 4 weeks were maintained until week 52. Symptoms in patients with 
insufficient improvement after 8 weeks with 50 mg vibegron improved markedly after 
dose increase. Vibegron improved the QoL, and the proportion of patients' satisfaction 
after the treatment with vibegron was high. 
 
An international, phase IIb, double-blind, placebo- and active comparator-controlled 
RCT consisted of a two-part superiority trial in OAB patients aged 18-75 years 
(Mitcheson et al., 2019). Part 1 compared once-daily oral vibegron monotherapy (3, 
15, 50 and 100 mg), tolterodine ER 4 mg and placebo for 8 weeks, or the combination 
of vibegron 50 mg/tolterodine for 4 weeks and then vibegron 50 mg for 4 weeks. All 
active treatments were numerically superior to placebo for the primary endpoint 
(number of micturitions) and for the secondary endpoints of UUI and total 
incontinence and of urgency episodes, although this did not consistently reach 
statistical significance with the 3 and 15 mg doses. The 100 mg dose had the greatest 
numerical effect among the active treatment groups. Part 2 compared vibegron 100 
mg, tolterodine ER 4 mg, and their combination to placebo for 4 weeks in a total of 
1395 randomized patients. From baseline to week 4, tolterodine exhibited numerically 
smaller reductions of symptoms than placebo, whereas 100 mg vibegron numerically 
superior to placebo for all endpoints; however, that reached statistical significance 
only for the primary endpoint (number of micturitions) and not for any of the key 
secondary endpoints. All vibegron doses were well tolerated. The incidence of dry 
mouth was higher with tolterodine than with vibegron monotherapy and increased 
further for the combination of tolterodine and vibegron 100 mg. 
 
Thereafter, an international phase III trial (EMPOWUR) confirmed the efficacy and 
safety of 75 mg vibegron administered for 12 weeks (Staskin et al., 2020). Adult OAB 
patients (n = 1518) with ≥8 micturitions per day were randomized 5:5:4 to 75 mg 
vibegron, placebo or 4 mg tolterodine ER. Up to 25% of patients could have dry OAB 
(<1.0 UUI episode per day). Improvements in the co-primary endpoint of micturitions 
were 1.8 episodes per day for vibegron, 1.3 for placebo, and 1.6 for tolterodine. UUI 
episodes among patients with incontinence at baseline (the other co-primary endpoint) 
decreased by an adjusted mean of 2.0 episodes per day for vibegron, 1.4 for placebo, 
and 1.8 for tolterodine. Both active treatments were superior to placebo for key 
secondary measures of urgency, voided volume and proportion of incontinent patients 
with a 75% or greater reduction in UUI episodes. Study discontinuation due to AE 
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occurred in 1.7%, 1.1% and 3.3% of patients treated with vibegron, placebo and 
tolterodine, respectively. Incidence of hypertension was 1.7% for vibegron and for 
placebo. 
 
Participants of the EMPOWUR study having received vibegron or tolterodine were 
invited to continue double-blind treatment for another 40 weeks, whereas those on 
placebo were invited for 1:1 randomization to either active treatment for long-term 
assessment of safety (AE incidence) (Staskin et al., 2021). Secondary outcomes of the 
40-week extension study included change from baseline at week 52 in frequency, and 
urgency (OAB wet). Among 506 randomized patients, 430 completed the long-term 
extension study, whereas12 patients  discontinued owing to AE. The most common 
AE with vibegron/tolterodine (>5% in either group) were hypertension (8.8%/8.6%), 
UTI (6.6%/7.3%), headache (5.5%/3.9%), nasopharyngitis (4.8%/5.2%) and dry 
mouth (1.8%/5.2%). Improvements in efficacy end points were maintained for 
patients receiving vibegron for 52 weeks with reductions in frequency being ‒2.4 and 
-2.0 for vibegron and tolterodine, respectively; in UUI ‒2.2 vs ‒1.7; in urgency ‒3.4 
vs ‒3.2; and in total incontinence episodes ‒2.5 vs ‒1.9. Among patients with 
incontinence at baseline, 61.0% and 54.4% receiving vibegron and tolterodine, 
respectively experienced a ≥75% reduction in UUI at study end, and 40.8% and 
34.2% became continent. 
  
Analysis of subjects aged ≥ 65 (628/1463) and ≥ 75 years (179/1463) in the 
EMPOWUR trial found efficacy and safety vs. placebo, consistent with results from 
the overall population (Varano et al., 2021). In the 12-week EMPOWUR trial, 
treatment with vibegron was associated with greater and clinically meaningful 
improvement in OAB-q and patient global impression scores compared with placebo, 
consistent with improvements in OAB symptoms (Frankel et al., 2021). 
 

4.2.3. New developments 
 

Early findings with other β3-AR agonists for the possible management of OAB, 
including solabegron, ritobegron, TRK-380, AJ-9677, BRL 37344, and CL-316243 
have been reviewed (Thiagamoorthy et al., 2016; Thiagamoorthy et al., 2015). 
However, none of them appears close to becoming available for routine treatment. 
 
The potency (EC50) of solabegron (GW427353) as compared to isoprenaline for 
relaxation of KCl-precontracted human bladder strips was 1.9 nM vs. 8.3 nM (Table 
1) (Tyagi et al., 2009a; Uehling et al., 2006b). Solabegron exhibited efficacy for the 
primary outcome parameter incontinence in a phase II proof‐of‐concept RCT in 258 
women with wet OAB when compared with placebo and was well tolerated (Ohlstein 
et al., 2012). Two additional phase II studies with a new formulation have been 
completed but results have not yet been disclosed (NCT03475706, NCT03594058). 
 
Ritobegron (KUC‐7483) had a 301 and 32 times greater affinity for β3‐AR as 
compared to β1‐ and β2‐AR, respectively (Maruyama et al., 2012a) (Table 1). 
However, ritobegron did not meet the primary endpoint (reduction in frequency) in a 
phase III study. A long‐term safety and efficacy study was subsequently withdrawn, 
and ritobegron does not seem to have been developed further (Thiagamoorthy et al., 
2016; Thiagamoorthy et al., 2015).  
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4.3. α-AR antagonists 
 
α1-AR antagonists are an effective and well-studied treatment of male LUTS (Milani 
and Djavan, 2005). International guidelines recommend them for the treatment of 
storage and emptying symptoms in men with BOO from benign prostatic enlargement 
(McVary et al., 2011; Oelke et al., 2013). While it is assumed that α1-AR antagonist 
in the treatment of male LUTS primarily work by acting on the prostate, it is 
conceivable that this may also involve other sites such as α1-AR in the bladder; 
however, this proposal has been met with scepticism (Michel et al., 2000) based on 
the very limited expression of α1-AR within the detrusor (Michel and Vrydag, 2006). 
Nonetheless, such speculation has led to the testing of α1-AR antagonists in women 
with OAB, a patient group where contributing effects on the prostate can be excluded. 
 
Only a few studies on the use of α1-AR antagonists in women with OAB have been 
reported, some of which were summarized in a systematic review and meta-analysis 
(Kim et al., 2019a). When evaluating pre- vs. post-treatment effects of α-blockers in 
women with OAB, in the absence of a placebo group, the α1-AR antagonists improved 
symptom scores, urinary flow rates and PVR. A meta-analysis of four placebo 
controlled RCT with 14-79 women per group found an improvement in symptom 
scores by about 2 points however flow rates and PVR were not improved (Kim et al., 
2019a). Furthermore, the positive data on symptom score improvement may be 
overoptimistic because two other placebo-controlled RCT not included in the meta-
analysis with about 35 (Das et al., 2005) or about 60 women per arm (Robinson et al., 
2007), observed no relevant difference compared to placebo but were not included in 
the meta-analysis. Of note, the latter study included four different doses of tamsulosin 
in its OCAS formulation with a total of 233 women, which is more than 199 women 
treated with α-blockers in all studies included in the meta-analysis. Moreover, that 
study had included a tolterodine 4 mg arm that yielded the expected positive result for 
the incontinence endpoint. Therefore, robust evidence for a beneficial effect of α1-AR 
antagonists relative to placebo in women with OAB is lacking. This is mechanistically 
plausible because of the low presence of functional α1-AR within the human detrusor 
(Michel and Vrydag, 2006). 
 
Several studies have tested α1-AR antagonists in men with OAB. Some of them did 
not have a placebo group (Matsukawa et al., 2019; Sakai et al., 2011), which makes it 
difficult to interpret the results given the known large effect of placebo in drug trials 
of OAB. Some placebo-controlled RCT in male OAB exist for α1-AR antagonists 
(Chapple et al., 2011); however, based on their inclusion and exclusion criteria it is 
difficult to determine whether the effects observed are OAB or on concomitant BPH 
symptoms. Given the weak evidence for a beneficial effect of α1-AR antagonists in 
women with OAB, it is possible that their use in men reflects prostate rather than 
bladder pathophysiologies. Yet, current European guidelines suggest using oral OAB 
medications in combination with an α-blocker in men when symptom relief is 
insufficient with either drug alone (Oelke et al., 2013) (see section 4.9.6). Further 
research in this area is required. 
 

4.4. Estrogens for UUI and OAB 
 
Symptoms of OAB in women are often associated with urogenital atrophy. 
Conceivably, the symptoms of urinary urgency, frequency and UUI in post-
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menopausal women may be a manifestation of genitourinary syndrome of menopause 
atrophy rather than a direct effect on the lower urinary tract (Robinson and Cardozo, 
2003). The use of vaginally applied estrogens increases serum estradiol levels to 
provide symptom relief in women with urogenital atrophy  and improves vaginal 
dryness, pruritis and dyspareunia as well as cytological findings and higher (Cardozo 
et al., 1998). Thus, vaginal estradiol is the most effective means to reduce patient 
symptoms. In this regard, conjugated estrogens produce the greatest cytological 
change and increase in serum estradiol and estrone. 
 
Estrogen has been used to treat post-menopausal UUI and urgency for a long time but 
few controlled und even fewer double-blind RCT have determined whether it is 
beneficial (Hextall, 2000). These have applied oral or vaginal administration or 
estrogen implants; all of them had small sample sizes. For instance, a double-blind 
multi-center study randomized 64 post-menopausal women with “urge syndrome” to 
oral treatment with estriol 3 mg daily or placebo for three months but failed to show 
efficacy relative to placebo despite compliance with treatment as confirmed by an 
improvement in the maturation index of vaginal epithelial cells in the active but not 
the placebo group (Cardozo et al., 1993). Compliance with therapy While another 
RCT from the same group reported improvements vs. baseline in 40 women using 25 
mg estradiol implants but these were not greater than those in the placebo group and 
accompanied by a higher complication rate in the estradiol treated patients (vaginal 
bleeding) (Rufford et al., 2003). Thus, these RCT have provided little evidence for an 
efficacy relative to placebo, i.e., beyond the known placebo effect in OAB. 
A meta-analysis of intravaginal estrogens in the management of urogenital atrophy 
was reported by the Cochrane group based on 34 trials including 19,676 incontinent 
women of whom 9599 received estrogen therapy (1464 involved in trials of local 
vaginal estrogen administration) (Cody et al., 2012).. These studies employed various 
combinations of estrogen, dose, duration of treatment and length of follow up. 
According to this analysis, the use of oral estrogen administration resulted in worse 
incontinence than placebo based on combined data from six trials. On the other hand, 
some evidence indicates that locally applied estrogens (vaginal creams or pessaries) 
improved incontinence. Micturition frequency and urgency were also reduced in 
women treated with local estrogens. This confirms the results of an earlier meta-
analysis which supports the topical route of estrogen administration in the treatment 
of UUI and bladder overactivity (Cardozo et al., 2004c). 
 
 
A prospective open-label study of 37 women with symptoms of OAB reported an 
improvement in the subjective assessment of night-time frequency and urgency with 
vaginal estriol (Matarazzo et al., 2018). In addition, objective urodynamic parameters 
of storage function, i.e., maximum cystometric capacity and first desire to void 
improved following vaginal estriol treatment. It is worth noting however, that the 
parameters of voiding function and the number of patients with DO did not differ 
statistically significantly with topical hormonal treatment. Vaginal estrogen therapy 
reduced the incidence of urgency when used after a tension-free vaginal tape 
compared with those not receiving topical vaginal estrogen therapy (4% vs. 29%) in a 
randomized open-label study (Zullo et al., 2005) but it remains unclear whether these 
effects exceed those of placebo under double-blind conditions. 
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4.5. PDE inhibitors 
 
Based on the experimental evidence presented in section 3.6.1, several PDE inhibitors 
tested as potential OAB treatments. An initial open pilot study in patients with 
urgency/UUI or low compliance bladders and not responding to standard antimuscarinic 
therapy yielded promising results for the PDE1 inhibitor vinpocetine (Truss et al., 2000). 
However, a larger RCT with vinpocetine in patients with DO showed yielded a positive 
trend that but failed to reach statistical significance for most outcome parameters (Truss 
et al., 2001). Clinical studies with other PDE1 inhibitors apparently have not been 
performed. 
 
Several selective PDE4 inhibitors have been tested clinically for various inflammatory 
disorders, particularly skin diseases and asthma (Li et al., 2018b) but none seems to 
have been tested on LUT disorders. Considering the promising preclinical experiences, 
PDE4 inhibition with or without combination with other drugs may be a worth further 
exploration, but clinical studies are needed.  
 
Patients treated with PDE5 inhibitors for erectile dysfunction anecdotally reported 
improved LUTS. Based on this and findings from an open-label study in mean with 
erectile dysfunction and LUTS being treated for their erectile problems with sildenafil 
(Sairam et al., 2002), clinical research programs were launched by several companies to 
explore the use of PDE5 inhibitors as potential LUTS treatments.  
 
Several PDE5 inhibitors have been tested in comparison to placebo or to an α-blockers or 
as add-on to an α-blocker in BPH population with and without concomitant erectile 
dysfunction as reviewed elsewhere (Gacci et al., 2016; Mónica and De Nucci, 2019; 
Pattanaik et al., 2018; Sebastianelli et al., 2020). The PDE5-inhibitors are generally 
shown to be safe and well tolerated (Ma et al., 2020).Accordingly, tadalafil has been 
approved for the treatment of male LUTS. Based on these beneficial effects in male 
LUTS populations and on the experimental data (see section 3.6.1), PDE5 inhibitors have 
also been tested in OAB populations but only rarely in placebo-controlled RCT. One 
study randomized 96 women with OAB to receive tadalafil (5 mg) or placebo for 3 
months (Chen et al., 2017). Relative to placebo, tadalafil improved the Indevus Urgency 
Severity Scale and number of micturitions and urgency and incontinence episodes. MVV 
and total bladder capacity were also improved, whereas Qmax, PVR and voiding efficiency 
were not affected. AE were mild to moderate. The beneficial effects of tadalafil against 
OAB symptoms were also confirmed in open-label studies (Matsuo et al., 2020). In a 
direct comparative study, the efficacy of tadalafil was comparable to that of fesoterodine 
(Dell'Atti, 2015). However, not all OAB patients respond sufficiently to a PDE5 inhibitor. 
Therefore, the effects of mirabegron add-on have been explored in tadalafil non-
responders (Yamanishi et al., 2020).  
 
As discussed in section 3.6.1 and in several reviews (Andersson et al., 2011; Cellek et 
al., 2014; Giuliano et al., 2013; He et al., 2020) the mechanisms underlying the 
beneficial effects of the PDE inhibitors in BPH/LUTS/OAB remain unclear. They 
may be multifactorial and summarized plausible mechanism as 1) relief of smooth 
muscle tone in prostate and bladder, 2) anti‐proliferation effect on bladder and 
prostate, 3) increased LUT perfusion and oxygenation due to vasodilatation, 4) 
modulation of the micturition reflex via reduced afferent nerve activity,  5) anti-
inflammatory effects in the prostate , and 6) anti‐fibrotic effects in the bladder (He et 
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al., 2020). While several clinical studies reported beneficial effects of PDE5 inhibitors 
in OAB, no member of this drug class has been approved for the treatment of OAB. 
 

4.6. Drugs acting at the CNS 
  
The tricyclic antidepressant imipramine inhibits noradrenaline and serotonin reuptake 
and has direct antagonist effects on several receptors potentially involved in 
regulation of the LUT including muscarinic receptors. Inhibition of monoamine 
uptake enhances the contractile effects of noradrenaline on urethral smooth muscle 
(Hoebeke and Vande Walle, 2000; Maggi et al., 1989); however, its mode of action in 
the treatment of DO has not been established (Hunsballe and Djurhuus, 2001). 
Although antimuscarinics and β3-AR agonists are currently considered the drugs of 
choice in the treatment of OAB and UUI, imipramine has been shown to have in vitro 
and in vivo effects on the detrusor muscle to improve bladder overactivity (Creed and 
Tulloch, 1982). Yet, the early data on the clinical effects of imipramine use alone in 
adult UUI has been conflicting.  Most of these studies attesting to an improvement 
were either small, poorly designed, and/or uncontrolled (Castleden et al., 1986; Cole 
and Fried, 1972). 
 
Duloxetine is approved for the treatment of SUI in several countries. Based on animal 
studies demonstrating an increased bladder capacity (Wróbel et al., 2020c) and 
because of beneficial effects in women with stress-predominant mixed incontinence 
(Bump et al., 2003), it was studied in women with OAB. The main study randomized 
306 women with OAB to receive either 80 mg duloxetine (increased to 120 mg after 4 
weeks) or placebo for an intended 12-week treatment period (Steers et al., 2007). The 
participants underwent urodynamic testing to demonstrate either DO or urgency 
which limited bladder capacity to <400 mL. The primary end point was the mean 
change from baseline in the number of daily voids. Secondary end points included 
UUI episodes and scores on the Incontinence Quality of Life questionnaire (I-QOL). 
After 12 weeks, duloxetine relative to placebo decreased daily voids (-1.81 vs. -0.62), 
decreased daily UUI episodes (-1.12 vs. -0.29) and increased the I-QOL score (8.37 
vs. 4.87 points). However, nausea was reported in 30.7% of women receiving 
duloxetine compared to 4.6% of women receiving placebo. Other AE in those 
receiving duloxetine compared to placebo included dizziness in 14.4%, insomnia in 
13.1%, and fatigue in 10.5%. Study discontinuations due to AEs was 28.1% in those 
receiving duloxetine compared to 5.2% in those receiving placebo. This safety profile 
is similar to that seen in women with SUI (Dmochowski et al., 2003a). Duloxetine 
also appeared effective in a pilot study in MS patients with remitting-relapsing and 
with secondary progressive subtypes (Di Rezze et al., 2012). No further studies of 
good quality on the use of duloxetine for OAB have been published. As such, there is 
no current clinical utility of duloxetine for the treatment of OAB. 
 

4.7. BoNT 
 
Intravesical application of toxins gives the opportunity to use potentially lethal 
compounds unsuitable for systemic administration to treat bladder dysfunction. Some of 
them can be used as a second line treatment inpatients unresponsive to oral therapy or not 
tolerating their AE. However, it might be expected that progressive patient phenotyping 
will identify subgroups that may benefit from intravesical therapy without requiring a 
period of potentially ineffective oral treatment. 
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Numerous comprehensive reviews have been produced along the years (Dowson et 
al., 2010; Duthie et al., 2011; Mangera et al., 2011; Mangera et al., 2014; Moore et al., 
2016). The available evidence on the therapeutic value of intravesical application of 
BoNT/A is large based on onabotA. However, other subtypes of BoNT/A are also 
commonly used including abobotA and incobotA. The effect of injection of BoNT/B 
(rimabotulinumtoxinB, proprietary names Miobloc® or Neurobloc® according to 
countries) have been tested in fewer studies as discussed below (section 4.7.1.2). 
 

4.7.1. BoNT injection protocols in the bladder 
 
This section combines evidence from all bladder indications to enable direct comparison 
and avoid duplication. 
 

4.7.1.1. BoNT/A injection protocols in the bladder.  

For bladder injection in NDO and OAB patients, the approved method of administration 
is derived from the procedures and doses described in the pivotal studies and is restricted 
to onabotA (Chapple et al., 2013b; Cruz et al., 2011; Ginsberg et al., 2012; Nitti et al., 
2016). AbobotA was recently approved in Europe for the management of incontinence n 
adults with neurogenic DO due to SCI or MS, who are regularly performing CIC; 
incobotA did not receive yet a specific licence which means that its use is still off-label. 
The minimum interval for re-injection should be 12 weeks (Chapple et al., 2013b; Cruz et 
al., 2011; Ginsberg et al., 2012; Nitti et al., 2013b). 
 
For NDO patients onabotA 200 U diluted in 30 mL of normal saline should be distributed 
by 30 injections points above the trigone (1 mL saline containing 6.66 U/mL) (Cruz et al., 
2011; Ginsberg et al., 2012). Concerning OAB, a dose of onabotA 100 U should be 
distributed by 20 intra-detrusor injections of 0.5 mL each, also above the trigone 
(Chapple et al., 2013b; Dmochowski et al., 2010a; Nitti et al., 2013b). During 
reconstitution the vials should be stirred but not shaken, as strong movements may break 
the BoNT/A molecule at the disulphide bond. The injection technique follows therefore 
that described in the historical descriptions of onabotA in NDO patients (Schurch et al., 
2000a; Schurch et al., 2000b). Rigid or flexible cystoscopes (Harper et al., 2003), variable 
brands of flexible 6 Fr injection needle of adequate length and a local anaesthetic agent 
(4% lidocaine whether or not alkalinized) (Harper et al., 2003; Pereira et al., 2020) are 
used for injections. Colouring the fluid with methylene blue does not increase injection 
precision and clinical outcomes (Szczypior et al., 2019). 
 
In NDO patients, despite the evidence of the phase III trials, onabotA 300 U remained in 
use, in particular when 200 U failed to produce the desirable effect (Mangera et al., 2011). 
Although the use of high doses might be tried off-label in selected cases one must realize 
that recent retrospective analysis of NDO cohorts did not find any difference in episodes 
of bladder evacuation or incontinence episodes in NDO patients that reduced OnabotA 
dose from 300 U to 200 U (Krebs et al., 2021). An exception might be SCI or 
myelomeningocele patients with low compliant bladders, a low percentage of whom were 
reported to have symptomatic improvement from a rescue treatment with onabotA 300 U 
(O'Connor et al., 2020). 
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AbobotA administration was applied in the bladder wall by a technique similar to that 
licenced for onabotA. Doses ranging between 500-1000 U of abobotA were injected in 20 
places above the trigone. The volume of saline at each injection site is commonly 1 mL 
but volumes as low as 0.25 mL per site were also used (Del Popolo et al., 2008; Grise et 
al., 2010). In a direct comparison between the administration of abobotA 750 U in 15 
points (n = 23) and 30 points (n = 24) in NDO patients, both reduced incontinence 
episodes and improved urodynamic parameters to a similar extent (Denys et al., 2017a). 
Two large phase III RCT used 30 injection of 0.5 mL into the detrusor muscle above the 
trigone to distribute abobotA  600 U, 800 U or saline (Kennelly et al., 2022). 
 
IncobotA detrusor injection was reported in 17 NDO males in doses of 200 and 300 U (10 
U/mL) (Asafu-Adjei et al., 2020). The 20 or 30 injections were delivered throughout the 
whole bladder, including the trigone. The clinical efficacy was promising, and 
complications were rare, justifying a larger clinical trial.  
 
The potential advantages of injections in the trigone, the reduction in the number of 
injection points and, most important, the investigation of methods of administration that 
might allow the application and passage of BoNT/A through the urothelium have been 
studied. The rationale for injecting the trigone is higher density of sensory fibers in this 
area (Coelho et al., 2017), which makes this injection site particularly relevant for OAB 
and BPS/IC patients who have an important sensory component in their complains. The 
suggested risk of ureteral reflux after trigonal injection was never confirmed in clinical 
studies, whether onabotA, abobotA or incobotA was used (Asafu-Adjei et al., 2020; 
Karsenty et al., 2007; Mascarenhas et al., 2008; Pinto et al., 2010). However, the results, 
although suggesting an advantage of trigonal injections are still of weak strength and 
occasionally contradictory. A small trial randomized 22 idiopathic DO patients to receive 
500 U abobotA in 20 injections (1 mL each) sparing the trigone against 15 injections off 
the trigone plus 5 in the trigone (Manecksha et al., 2012). The change from baseline of 
the OAB symptom score was greater in the trigone injected group while the PVR and 
clean intermittent catheterization (CIC) rates were similar in both groups. Another study 
compared 10 trigonal injections vs, 40 detrusor or suburothelial injections of 100 U of 
onabotA in patients with idiopathic DO (Kuo, 2007). The detrusor injections had greater 
and longer lasting effects than those in the trigone, but urinary retention was absent with 
the trigonal injections; the suburothelial protocol brought intermediate results (Kuo, 
2007). In patients with BPS/IC, onabotA 100 U was injected in 10 sites in the trigone of 
patients with and without Hunner’s lesions. This protocol was not associated with urinary 
retention or clinically relevant increase of PVR (Pinto et al., 2010; Pinto et al., 2013). A 
small RCT comparing onabotA100 U vs placebo (saline) trigonal injections in BPS/IC 
patients favored the toxin group (Pinto et al., 2018). One study investigated the effect of 
detrusor plus trigonal injections of onabotA in SCI patients. A total of 120 patients were 
randomized to receive 240+60 U in the detrusor plus trigone or 300 U only above the 
trigone. Incontinence episodes, volumes per void and detrusor leak point pressure 
improved in both groups although with a small advantage in the group that received the 
toxin in the two locations (Chen et al., 2021).  
 
The consequences of reducing the number of injection sites while increasing the dose 
in each injected site has been investigated under the premise that less sites facilitate 
the administration and may reduce UTI. Interestingly, 30 injection points (30 ml of 
fluid in total) or 10 injection points (10 mL of fluid in total) caused a similar 
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distribution of the fluid, as determined by MRI, covering 1/3 to 1/4 of the detrusor, 
respectively (Mehnert et al., 2009).  
 
Two studies investigated further reduction in the number of injection sites in a mixed 
idiopathic DO and NDO population under treatment with onabotA ranging between 
100 until 300 U. Injection of the toxin in 1 or 3 injection sites in the posterior bladder 
wall used a reconstitution volume of 1 mL for each 20 U (Avallone et al., 2017). The 
other study divided the chosen dose by 3-4 injections at the equatorial line of the 
bladder of 2 mL each (Martínez-Cuenca et al., 2020). Administration was easy and 
the clinical effect was good with a duration exceeding 30 weeks in both studies. 
However, UTI occurred in 11.1% in the first and in 24% of the patients in the second 
study.  
 
Reported injection protocols also vary by volume of the saline used to reconstitute the 
toxin. Most studies used 1.0 (Cruz et al., 2011; Ginsberg et al., 2012) or  0.5 mL (Chapple 
et al., 2013b; Grosse et al., 2005; Nitti et al., 2013b; Schulte-Baukloh et al., 2003), but 
volumes of 0.2 mL (Kuo, 2004), 0.25 mL (Grise et al., 2010) or even 0.1 mL per injection 
site have also been used (Rapp et al., 2004). The amount of cleaved SNAP-25 induced by 
a fixed amount of onabotA was directly related to the volume of the injection in an 
experimental study (Coelho et al., 2012b). More controlled studies are needed to 
determine the relative value of different number and locations of injections and the 
volume of each injection.  
 
BoNT/A instilled in the bladder does not cross the urothelial barrier in rats (Coelho et al., 
2012b), obliging caregivers to use bladder wall injections. Therefore, transporters or 
facilitators for the passage of the toxin are necessary if the injections are to be avoided. 
For the interested reader we recommend a thorough review of potential methodologies 
(Tyagi et al., 2017). In contrast, instillation of onabotA encapsulated in liposomes 
overcame the urothelial barrier in rats and cleaved SNAP-25 in nerve terminals (Chuang 
et al., 2009). Recently the liposome encapsulation technology to deliver onabotA was 
tested in humans. One study randomized 24 patients to intravesical instillation of 
lipotoxin containing 80 mg liposomes or 200 U BoNT/A or normal saline; 1 month after 
treatment, mild improvements in urinary frequency and in urgency episodes were 
reported in the lipotoxin group. Although no AE were reported, the duration of the effect 
was short lasting (Kuo et al., 2014). In a RCT with BPS/IC patients, liposomal formulated 
onabotA 200 U did not show any superiority over saline administration (Chuang and Kuo, 
2017). 
 
Another form of administration investigated used hydrogel to promote a slow release of 
the toxin on the urothelium. A TC-3/onabotA mixture was assessed in BPS/IC patients. 
The mixture was safe, but efficacy was short lasting (Rappaport et al., 2018). 
 
Electromotive administration may help to carry the large botulinum toxin molecule across 
the urothelium as indicated by a study in rabbits (Kajbafzadeh et al., 2011). One study 
placed a 10F indwelling catheter containing a silver spiral electrode in the bladder of 15 
children with NDO due to myelomeningocele  under local transurethral anaesthesia with 
2% lidocaine (Sharifi-Rad et al., 2019). The bladder was filled with saline and 10 U/kg of 
abobotA was added. Skin erythema and burning sensation are the only side effects 
reported with electromotive administration of the toxin. 
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Low energy shock waves were investigated in 15 OAB patients to administer OnabotA 
100 U previously instilled in the bladder in a volume of saline equivalent to half a bladder 
capacity. A total of 3000 shocks were delivered during 10 minutes in the supra-pubic 
area. An improvement in the OAB symptom Score was maintained for 2 months (Nageib 
et al., 2019).     
 
Antibiotic prophylaxis was used in a large RCT in patients with NDO (Cruz et al., 
2011; Ginsberg et al., 2012). However, as many injected SCI patients relied on some 
type of bladder catheterization and presented chronic bacteriuria, the relevance of 
antibiotic prophylaxis remained unclear. Bacteriuria was found in 73% (200/273) 
treatments with onabotA in 154 SCI patients Those without clinical signs of UTI 
received injections without antibiotic prophylaxis. Following treatment, symptomatic 
UTI occurred in 7% (5/73) of cases with sterile urine culture and in 5% (9/200) with 
bacteriuria. These results suggest that routine antibiotic prophylaxis is not required 
prior to botulinum toxin injection in asymptomatic SCI patients (Leitner et al., 2016). 
In patients non-catheterizing at treatment, however, the high risk of UTI recommends 
that antibiotic prophylaxis should be maintained together with an exclusion of active 
UTI at the moment of injection. UTI screening after each BoNT/A bladder treatment 
remains justifiable taking in consideration the high incidence of UTIs in in non-self-
catheterizing NDO patients (MS, Parkinson´s disease).   
 
Antibiotic prophylaxis was not obligatory in large RCT in OAB (Chapple et al., 
2013b; Nitti et al., 2013b; Tincello et al., 2012). In a retrospective study of 212 
patients, mostly non-neurogenic, the incidence of UTIs after 335 injection cycles do 
not support the practice of obtaining a pre-procedure urine dip in asymptomatic 
patients (Derisavifard et al., 2020). However, in real life many centers maintain the 
use of antibiotic prophylaxis (Hamid et al., 2021). A retrospective study in more than 
100 women concluded that starting antibiotics 1 day before the injection and 
prolonging for 4 days decreased incidence of UTI to 22% (Bickhaus et al., 2020).  
 

4.7.1.2. BoNT/B protocols in the bladder 
 
Some patients with repeated BoNT/A injections may show resistance to the toxin. One 
possibility is the formation of neutralizing antibodies. Therefore, an interval of at least 3 
months between two BoNT/A injections is generally recommended to minimize the risk 
of such antibodies, even if their occurrence is very rare. Some studies have attempted to 
replace BoNT/A with BoNT/B if resistance occurred (Dykstra et al., 2003; Hirst et al., 
2007; Pistolesi et al., 2004; Reitz and Schurch, 2004). These were based on empiric doses 
of BoNT/B because there is no established ratio to convert between the two serotypes or 
between BoNT/B brands. 
 
BoNT/B injection (5000 or 7500 U) restored bladder function in small studies of patients 
with spinal NDO who had become resistant to BoNT/A (Pistolesi et al., 2004)(Reitz and 
Schurch, 2004). One patient developed dry mouth and eyes that resolved within 20 days, 
an AE not reported with BoNT/A injection. This raised the possibility that toxin serotypes 
differ in organ affinity. A dose escalation study with BoNT/B (rimabotulinumtoxinB) in 
15 women with OAB injected  2500, 3750, 5000, 10,000, and 15,000 U at 10 sites 
(Dykstra et al., 2003). A clear dose-dependent effect was observed, with patients 
receiving 15,000 U exhibiting the longest effect duration; only one patient failed to 
respond. Two patients injected with 15,000 U reported dry mouth and general malaise.  
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Another study in patients with idiopathic and neurogenic DO  used 5000 U 
rimabotulinumtoxinB 5000 U and concluded that BoNT/B is not an effective treatment of 
refractory OAB due to the short duration of action, in most patients, typically not 
exceeding 10 weeks (Hirst et al., 2007). These limited data indicate that the clinical 
usefulness for BoNT/B for the treatment of LUT dysfunction is limited because of short 
duration of action at safe doses limit.  
 

4.7.2. Effect of BoNT/A in OAB adult patients  
 

4.7.2.1. Effect of BoNT/A in predominantly female OAB populations  

The clinical use of BoNT/A in patients with idiopathic DO refractory to antimuscarinics 
rapidly became popular after the results of several pilot studies. Despite lack of definition 
of ideal doses due to absence of careful dose-escalating studies, many investigators 
choose to administer BoNT/A in smaller doses than those initially used in NDO. 
Accordingly, most pilot studies used either onabotA 200 U or abobotA 500 U (for 
historical reviews see (Mangera et al., 2011; Mangera et al., 2014)). Four RCT compared 
onabotA 200 U against placebo (Brubaker et al., 2008; Flynn et al., 2009; Sahai et al., 
2007; Tincello et al., 2012). A small open-label trial reported improvements of urgency, 
nocturia and frequency as early as 4 days after onabotA 200 U in OAB patients (Kalsi et 
al., 2008). 
 
As injection of 200 U onabotA had resulted in a high incidence of voiding dysfunction in 
OAB patients, one cohort study of 100 patients used 100 U onabotA with a mean follow-
up of 6 months(Schmid et al., 2006). The lower dose of onabotA was effective as 
incontinence and urgency in 86% and 82% of patients, respectively. Temporary urinary 
retention was experienced by only 4% of cases, an additional 15% reported moderate 
voiding difficulties (Schmid et al., 2006). 
 
Following the pilot studies, two large well designed dose escalating placebo-controlled 
studies investigated the ideal dose of onabotA in OAB (Denys et al., 2012; Dmochowski 
et al., 2010a). One study enrolled 313 OAB patients experiencing ≥8 UUI episodes per 
week and ≥8 daily micturitions at baseline. Patients were randomized to placebo or 50, 
100, 150, 200 or 300 U intra-detrusor onabotA. Durable efficacy was observed for all 
groups treated with 100 U or higher but in dose response comparisons doses greater than 
150 U contributed minimally to the symptomatic improvement. As the use of CIC was 
also dose dependent, 100 U offered the best efficacy/safety balance (Dmochowski et al., 
2010a). Another study randomized 99 OAB patients to a single injection of either placebo 
or 50 U, 100 U or 150 U of onabotA (Denys et al., 2012). An improvement vs. baseline in 
urgency and UUI episodes of at least 50% was observed in 65% and 56% of patients 
receiving 100 and 150 U, respectively, and 55% and 50% became continent. Therefore, 
100 U seemed to offer the best balance between efficacy and risk to increase PVR. A few 
additional studies contributed to defined 100 U as the ideal dose for refractory OAB 
treatment. For instance, an RCT randomized  44 OAB patients to receive 100 U or 150 U 
onabotA and detected  no statistically significant differences in clinical or urodynamic 
outcome measures or QoL improvement between the two doses (Cohen et al., 2009). A 
small RCT with 11 patients each receiving 100 U and 200 U onabotA 200 U also did not 
detect clinical or urodynamic differences between the 2 groups at 3 months follow-up 
(Altaweel et al., 2011). Urinary retention occurred in 2 patients in the 200 U and in 1 
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patient in the 100 U arm. In conclusion, these data suggest that a dose of 100 U onabotA 
offers the best efficacy/tolerability ratio. 
 
Data from four large placebo-controlled studies and one large observational study are 
available. The RCT enrolled 85-90% women (Chapple et al., 2013b; Nitti et al., 
2013b), 75% women (Yokoyama et al., 2020) or only females (Tincello et al., 2012). 
The real-life study had 85% female patients (Hamid et al., 2021). This implies that the 
following data should be extrapolated to men with caution.  
 
The two pivotal phase III studies (EMBARK program) randomized patients with 
OAB with ≥3 UUI episodes over 3 days and ≥ 8 micturitions per day and a PVR <100 
mL who were inadequately managed by anticholinergics to receive 20 injections of 5 
U in 0.5 mL each above the trigone or only saline (Chapple et al., 2013b; Nitti et al., 
2013b). . The co–primary efficacy end points were change from baseline in the 
number of UUI episodes and the proportion of patients with a positive treatment 
response on the treatment benefit scale at week 12.  
 
One study randomized 277 and 271 patients to onabotA and saline injection, 
respectively (Chapple et al., 2013b). the average number of daily incontinence 
episodes was >5. OnabotA decreased incontinence episodes per day (-2.95 vs -1.03 
for placebo). Frequency, urgency and nocturia were also reduced. Changes in 
treatment benefit scale indicate that patients perceived an improvement in their 
condition (62.8% vs. 26.8% for placebo). Clinically meaningful improvements from 
baseline in all I-QOL and KHQ multi-item domains indicated positive impact on 
QoL. 
 
The other EMBARK study randomised 280 subjects to onabotA and 277 to saline 
(Nitti et al., 2013b). By average patients experienced >5 incontinence episodes per 
day. Decreases in mean daily incontinence from baseline at week 12 were greater in 
the active group (–2.65 for onabotA and -0.87 for saline). The percentage of fully dry 
patients at week 12, was 22.9% after onabotA and 6.5% after saline injection. The 
other key OAB symptoms, frequency, urgency and nocturia also improved after 
onabotA. Of interest, all changes in OAB symptoms detected at week 12 were already 
present at week 2. A higher proportion of onabotA treated patients reported a positive 
treatment response on the treatment benefit scale vs. those on placebo. Large and 
clinically relevant improvements in all I-QOL and KHQ multi-item domain scores 
were noted after onabotA. 
 
A pooled analysis of these two RCT confirmed the reduction of incontinence 
episodes(-2.8 episodes per day, 100% dry or with a 50% improvement in daily 
incontinence in 27.1% and 60.5%), in urgency episodes (-3.30 per day) and in urinary 
frequency (- 2.35 per day) (Sievert et al., 2014). The median time to request 
retreatment was 24 weeks after onabotA and 13 weeks after placebo. Furthermore, the 
number of previous anticholinergic drugs did not affect the outcome of onabotA 
treatment, specifically the improvement caused by onabotA in incontinence episodes 
and in urinary frequency. The rate of satisfaction was also independent from the 
number of previously used anticholinergic drugs. When analysing the efficacy of 
onabotA by the reasons why the anticholinergic treatment was stopped, insufficient 
efficacy or intolerable side effects, the symptomatic improvement and patient 
satisfaction after onabotA was similar in the two subgroups and comparable with the 
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results achieved by the overall pooled population. In addition, the effect was similar 
in patients above and below 65 years of age (Sievert et al., 2014).  
 
A similar phase III, placebo-controlled RCT in Japanese patients who were 
inadequately managed with OAB medications (anticholinergics and/or β3-AR 
agonists) randomized 248 patients to receive a single dose of either onabotA or 
placebo into the 20 detrusor sites above the trigone (Yokoyama et al., 2020). OnabotA 
was reconstituted in 10 mL. The onabotA group exhibited a greater decrease from 
baseline in the mean number of daily incontinence episodes compared with the 
placebo group (2.16), and greater improvement for all secondary endpoints that 
included volume voided per micturition, other symptomatic measures (UUI, 
micturition, urgency and nocturia) and patient-reported outcomes. In addition, the 
percentage of patients fully dry was 19% after onabotA and 3% after placebo. 
 
A fourth large, placebo-controlled RCT in the UK (RELAX study) randomized 240 
women with refractory DO to receive onabotA 200 U or placebo distributed over 20 
bladder wall sites above the trigone (10 U/mL) (Tincello et al., 2012). The study was 
initiated before the regulatory approval of 100 U dose, which explains why patients 
received an off-label dose of the toxin. The primary outcome was voiding frequency 6 
months after injection. Secondary outcomes included urgency and incontinence episodes 
and QoL data. Median leakage episodes were reduced after 6 weeks and after 6 months to 
1.67 in onabotA vs 6.0 in the placebo group. Accordingly, 31% vs. 12% became 
continent after onabotA and placebo, respectively . OnabotA also reduced voiding 
frequency and urgency episodes and improved QoL scores more than placebo.  
 
In a large real-world study in 504 OAB patients receiving OnabotA 100 U in everyday 
clinical practice conditions rigid cystoscopy and anesthesia or analgesia with intravesical 
local anesthetic liquid/gel was generally preferred (Hamid et al., 2021). Reductions in 
incontinence episodes/day from baseline were observed as early as week 1 (−2.4 ± 3.4) 
and were maintained at later time points (−3.0 ± 3.9 at week 12). A proportion of 25.5% 
of patients became continent within 1 week and 41.8% at week 12. Pad/liner and diaper 
usage decreased from 67.7%/13.9% in the month prior to baseline to 29.9%/4.4% and 
23.6%/4.3% in the month prior to week 12 and week 52, respectively. The number of 
patients maintaining oral OAB medication decreased to 5.8%, 2,4% and 1,8% by week 1, 
12 and 20, respectively. The median time to patient request for retreatment was 
approximately 7 months.  
 
Interestingly, a sub-analysis of the onabotA dose ranging study (Dmochowski et al., 
2010a) concluded that successful OAB treatment was not related to the existence of 
DO (Rovner et al., 2011). Likewise, in a cohort of 5 men and 27 women with OAB 
and without DO, treatment with 100 and 150 U onabotA improved frequency and 
incontinence (Kanagarajah et al., 2012). Thus, in clinical practice there is little 
reasoning to perform routinely invasive urodynamic tests before recommending 
OnabotA administration to subjects with OAB symptoms refractory to oral 
medication. 
 
Studies with abobotA in OAB are scarce. A prospective study randomised 21 women 
with OAB to receive 300 or 500 U of abobotA injected into 30 sites above the trigone 
(de Sá Dantas Bezerra et al., 2019). Compared to baseline, mean cystometric bladder 
capacity increased from 185.0 to 270.9 mL (300 U) and from 240.8 to 311.7 mL (500 
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U) after 12 weeks, and. 91% of patients become continent in both groups. Episodes of 
incontinence returned in 50% (300 U) and 0% (500 U) after 24 weeks. Patients were 
better or much better according to the patient global impression score in 70% (300 U) 
and 88.9% (500 U) at 12 w; and 50% (300 U) and 100% (500 U), at 24 w. Therefore, 
500 U seems the ideal dose of abobotA despite the fact that one woman required 
transient CIC.  
 
Elderly OAB patients are a special group for BoNT/A administration. A post hoc 
analysis of the EMBARK studies (Chapple et al., 2013b; Nitti et al., 2013b) showed 
similar efficacy against incontinence in patients below or above 65 years of age. Two 
studies investigated specifically the effect of the BoNT/A in elderly OAB patients. In 
one study 21 patients (86% women, mean age 81.2 years) received onabotA 200 U in 
20 bladder sites (White et al., 2008). One month after treatment 16 patients reported a 
>50% improvement in symptoms. Daily voids decreased from 11.4 ± 1.67 to 5.19 ± 
0.83 and daily incontinence pads from 4.0 ± 0.89 to 1.3 ± 0.60. Mean time to 
deterioration was 7.12 months. Treatment-related complications were not observed. 
Others compared the efficacy and safety of intravesical BoNT/A injections in 166 
OAB frail elderly, non-frail elderly and younger patients (Liao and Kuo, 2013). Frail 
elderlies were defined as individuals >65 years who met three or more of the 
following criteria: unintentional weight loss, self-reported exhaustion, slow walking 
speed, weakness, and/or low physical activity. Incontinence improved to a similar 
extent in all three groups. However, the risk of post-treatment PVR >150 mL was 
higher in the frail elderly group. Urinary retention occurred in seven frail elderly 
(11.5%), four (6.3%) in non-frail elderly and in the younger group (2.4%).  
 

4.7.2.2. BoNT/A in male OAB patients  

Most trials evaluating onabotA injections in OAB patients have included 
predominantly female patients. Therefore, two studies restricted to male subjects, 
merit reference despite their retrospective design. One group used doses of 100-300 U 
of onabotA in 65 men (mean age 57.1 ± 13 years), with a total of 133 treatments 
(Faure Walker et al., 2019). Using the UDI-6 and IIQ-7 questionnaires, the degree of 
improvement in men was inferior to that found in women for the same baseline 
characteristics. UTI were reported after 29.0% of the treatments. Urinary retention 
requiring de novo CIC was observed after 42.6% of the treatments without differences 
between 100 U and 200 U. A low bladder contractility index could be the best 
predictor of CIC risk. The other study was a review 146 men (mean age 70.1 ± 13.3 
years) who were injected only with 100 U (Mateu Arrom et al., 2020). A positive 
response to the treatment, assessed by the treatment benefit scale, was reported by 
62.3% of men. The incidence of urinary retention, despite the higher age of the 
cohort, around 70 years, was only 13%. Around 2/3 of the patients had discontinued 
treatment by the end of follow-up at 1 year. A higher bladder outlet obstruction index 
was the only predictive factor for poor treatment response and risk of complications. 
 

4.7.3. BoNT/A in OAB children  
 
The use of BoNT/A in children with refractory OAB has been explored in five case series 
including a total of 135 OAB children. They used  abobotA 12 U/kg up to a maximum 
dose of 480 U in a total of 99 children of both genders (Hoebeke et al., 2006; Marte et al., 
2010; McDowell et al., 2012)(Hoebeke et al., 2006; McDowell et al., 2012) or onabotA 
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12.5 U with a ceiling at 200 U (Marte et al., 2010). The disappearance of OAB symptoms 
ranged between 38% (Hoebeke et al., 2006) and 66% (McDowell et al., 2012). Time to 
re-injection varied from 6 months and periods exceeding 1 year. Another report included 
39 patients between 5 and 16 years that received onabotA 100 U, and 33 were analysed 9 
months after treatment (Bayrak et al., 2017). The mean bladder capacity had a robust 
increase, daily voiding frequency decreased by almost 3 voids and the mean daily 
incontinence episodes decreased from 2.72 ± 1.87 to 1.18 ± 1.13. Nocturia improved in 
one third of the 14 patients that had nocturia at baseline. Another a prospective open 
labelled uncontrolled study reported on the use of onabotA 100 U in 46 OAB children 
ageing 4-14 years (Al Edwan et al., 2019). Cystometric bladder capacity increased from 
194 to 244 mL. LUTS improvement was found, with robust mean decreases in daily 
frequency (-4.8), incontinence episodes per week (-7.9) and in nocturnal enuresis (-3.1).  
 
One study compared onabotA in 2 doses, 5 U/kg (with a ceiling at 150 U), and 10 
U/kg (with a ceiling at 300 U) in 39 children with a mean age of 13.6 years (Ingham 
et al., 2019). Injections were in the submucosa, 10 U per injection site above the 
trigone.  Resolution of LUTS including incontinence after the 1st injection was 
observed in 11 cases and partial improvement in another 7, making 46% of the 
patients that got some benefice from the toxin. The mean duration of the effect was 
7.6 months. At a median follow-up of 35.4 months 12 (31%) were asymptomatic and 
off all therapy. The dose of 5 U/kg should be the one to start as the higher dose did 
not show a clear advantage in efficacy.  
 

4.7.4. Effect of BoNT/A on QoL  
 
Dose-ranging studies in OAB patients (Denys et al., 2012; Dmochowski et al., 2010a) 
showed a sustained improvement in the KHQ or in the I-QoL score in patients 
receiving onabotA 100 U or higher doses, whereas improvements with 50 U were 
inconsistent. In the large phase III trials (Chapple et al., 2013b; Nitti et al., 2013b) 
improvements in the I-QOL total score and in all the three domain scores were 
observed in the onabotA 100 U but not in the placebo arm. Improvements from 
baseline in all seven multi-item domains of the KHQ were also greater in the onabotA 
group. The Japanese OAB population treated with 100 U OnabotA had a robust 
improvement of role limitations and social limitations domains of the KHQ. In the 
treatment Benefit Scale, more than 75% of the patients were greatly improved or 
improved along the first 12 weeks (Yokoyama et al., 2020). The RELAX study with 
200 U onabotA improved ICIQ-SF and I-QoL scores (Tincello et al., 2012). However, 
the scores were not restored to the normal value (0 for ICIQ; 100 for IQO) in any of 
the children. Similar observations had been made in a previous small non-controlled 
study (Sahai et al., 2009). 
 
Two studies investigated the effect of onabotA 100 U bladder injection on sexual 
function of 68 OAB women (Balzarro et al., 2018; Miotla et al., 2017). OAB 
treatments showed improvement of the sexual function captured by the Female Sexual 
Function Index questionnaire. In one of these studies  over 90% of women reported 
clinically relevant improvements in all six domains of the questionnaire (Miotla et al., 
2017). 
 
In OAB children, onabotA also improved QoL (Al Edwan et al., 2019). A change from 
baseline in the ICIQ-UI short form score was captured. The patients and their parent’s 
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perception of the treatment benefit on the treatment benefit scale also supported the 
improvement. In fact, 54% described their condition as greatly improved and 30% as 
improved. 
 

4.7.5. Repeated BoNT/A injections   
 
Patients participating in the two pivotal phase III studies (Chapple et al., 2013b; Nitti et 
al., 2013b) were invited to participate in a long-term, 3 years extension study to determine 
the efficacy and safety of repeated onabotA 100 U injections for the management of OAB. 
From the initial 839 patients enrolled, 829 received 1 or more treatments and 430 
completed the 3.5-year study period (Nitti et al., 2016). The mean number of daily 
incontinence episodes at baseline was 5.6 and the I-QOL total score was low. With 1 to 6 
additional injections daily incontinence episodes changed by -3.1 and -3.8 . The median 
time to requalify for retreatment was 7.6 months. In 34.2% of the participants the effect 
lasted 6 months or less, in 37.2% between 6 to 12 months and in 28.5% more than 12 
months   (Nitti et al., 2016). The I-QOL scores and KHQ role limitations and social 
limitations domain scores improved consistently by 2-3 times, 5-6 times and 3-4 times the 
minimally important difference, respectively. Of importance, 72.9% of patients achieving 
or exceeding the minimally important difference for I-QOL after the first treatment 
maintained that score for all subsequent treatments. However about one third of those 
who did not achieve that outcome in the first treatment did so in subsequent treatment 
cycles (Ginsberg et al., 2017). 
 
An open-label extension study of the controlled trial of onabotA 200 IU vs. placebo 
(Tincello et al., 2012) also offered a 5-year extension study period (Owen et al., 2017). A 
total of 155 participants had two and 59 had three subsequent injections. Time to 
symptom return (defined as qualifying for a second and third injection) was 84 and 180 
days, respectively and the median inter-injection intervals were 266 and 372 days (range: 
134, 1283). No statistically significant differences in symptom outcomes were observed 
after repeated injections. Although this study used a non-licenced dose of onabotA, it also 
confirmed the consistent efficacy and duration of action of the toxin (Owen et al., 2017).  
 
The findings from real life studies with onabotA have yielded contradictory results on 
persistence. Up to 90% of the patients remained in the program in a facility with access to 
flexible cystoscopies and a careful follow-up, 93% would recommend the treatment to a 
friend and  81% accepted the need of a life-long treatment (Malde et al., 2015). However, 
66.3% of patients discontinued therapy at 36 months in another study (Mohee et al., 
2013). The main reasons for abandonment were UTI and the need for CIC. In a single-
center retrospective study the persistence on treatment among 128 women with at least 5-
year (mean 97, range 60-125 months) follow-up after their first injection was only 30% at 
the last follow-up visit (Marcelissen et al., 2017). Of the 70% discontinuing treatment, 
efficacy was insufficient in 27% and tolerability issues were noted in 43%. 
Discontinuation mostly occurred after the first (79 %) and second (19 %) injection 
(Marcelissen et al., 2017; Mohee et al., 2013). A high rate of AE related to the use of high 
doses of toxin might have contributed to the low persistence on treatment.   
 

4.7.6. AE after bladder injections of BoNT/A and predictors of response  
 
The AE profile of intravesical BoNT/A injections is dominated by an increase in 
PVR, sometimes even urinary retention, the need for CIC, and UTI. The fraction of 
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patients with post-treatment PVR of ≥200 mL was dose-dependent in the dose-
ranging study (Dmochowski et al., 2010a). CIC was needed in 0%, 3.6%, 9.1% 12.7% 
18.2% and 16.4% after placebo or 50, 100, 150, 200 and 300 U onabotA injections, 
respectively; UTI occurred in 16.3%, 33.9%, 44%, 48.1% and 34.5% of patients, 
respectively.   
 
The risks of UTI and urinary retention were low in the pivotal OAB trials that used 
onabotA 100 U. The incidence of UTIs during the first treatment cycle was 24.1%, 
and only 8.8% of patients had an increase of PVR exceeding 200 mL, and 6.9% of the 
patients initiated CIC (Chapple et al., 2013b). In the other pivotal study, the incidence 
of UTI was 15.5%, a PVR above 200 mL was observed in 8.7%, and de novo CIC 
occurred in 6.1% (Nitti et al., 2013b). In a 3-year extension of these two phase III 
trials, which registered 6 treatment cycles, UTI incidence ranged between 14.4%-
17.0% and CIC was necessary in 1%-4.0% The median duration of CIC ranged from 
3.1 to 8.3 weeks (Nitti et al., 2016). In the Japanese phase III study, the incidence of 
UTI and CIC at week 12 after injection was 13% and 6%, respectively, while a PVR 
> 200 mL was noticed in 6% of the patients at week 12 (Yokoyama et al., 2020). The 
studies that investigated the reduction in the number of injection points in the detrusor 
to facilitate BoNT/A administration still observed a relatively high incidence, 11-24% 
of UTIs (Avallone et al., 2017; Martínez-Cuenca et al., 2020). 
 
The number of UTIs showed great disparity in real-life studies with onabotA 100 U. 
While one study reported 1% UTIs and 0.4% of patients initiating CIC in a total of 504 
OAB patients after a single treatment (Hamid et al., 2021), a retrospective analyses of 103 
OAB patients followed for 4 years reported an incidence of urinary retention of 25% and 
among patients who did not require catheterization the incidence of UTIs was 20% 
(Liberman et al., 2018). In a real-life study with onabotA with 299 patients including 
mostly women, the incidence of CIC was 2.7% after the first treatment and 3.2% after the 
second and third treatments; no statistically significant predictors of CIC initiation were 
identified (Kennelly et al., 2018). 
 
Three studies using OnabotA 200 U reported their AE. UTI occurred in 31% and voiding 
difficulty requiring CIC occurred in 16% of cases in the RELAX study (Tincello et al., 
2012). In a long-term extension of this study the numbers decreased substantially, due the 
selection of patients that agreed to continue on treatment (Owen et al., 2017). In a smaller 
RCT, CIC was required in 37.5% of (Sahai et al., 2007). In another small RCT comparing 
OnabotA 200 U vs. placebo PVR increased to above 200 mL in 43% of the women in the 
BoNT/A group, and UTI developed in 75% of these women (Brubaker et al., 2008). 
 
In the males-only studies, onabotA 100 U and 200 U reported a rate of urinary retention 
leading to CIC above 40%,  and an incidence of UTIs among those without retention of 
29% among 37 men (Faure Walker et al., 2019). The other reported 13% of urinary 
retentions and 3% of UTIs requiring antibiotics (Mateu Arrom et al., 2020). The reason 
for the different incidence of AE between the two studies is unclear but could have to do 
with different criteria for male selection and for the definition of UTI and urinary 
retention.  
 
The capacity to predict the response of OAB patients to BoNT/A injections was 
recently the object of a systematic review that identified 17 studies reporting 
predictive factors for poor response published between 2006 and 2020 (Abrar et al., 
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2021). These included cohort studies mostly with evidence level 3. Male gender, 
increasing age, frailty, comorbidity, smoking, baseline leakage episodes, and various 
urodynamic parameters (bladder outlet obstruction index, high pre-treatment 
maximum detrusor pressure, and poor bladder compliance) were associated with 
nonresponse. CIC use was associated with male gender, increasing age, the presence 
of comorbidities, number of vaginal deliveries, hysterectomy, and urodynamic 
parameters (bladder capacity, postvoid residual volume, projected isovolumetric 
pressure value, bladder contractility index, and bladder outlet obstruction). Female 
gender, males with their prostates in situ, and CIC were associated with a greater 
likelihood to develop UTI after BoNT/A. 
 
The hematuria that may occur after BoNT/A injection in the bladder wall of OAB or 
NDO patients is mostly of mild intensity not requiring an active intervention (Cruz and 
Nitti, 2014; Ginsberg et al., 2013a; Sievert et al., 2014). 
 

4.7.7. Clinical comparisons of different BoNT/A brands and switch between them  
 
The doses indicated for each brand of BoNT/A cannot be used interchangeably. Moreover, 
inappropriate storage of the vials, incorrect toxin reconstitution, or incorrect technique of 
administration, including the type of needle used may contribute to differences outcomes 
(Karsenty et al., 2014). A 5-fold variation of the number of neurons expressing cleaved 
SNAP-25, the end-product of BoNT/A activity, after 1 injection of a fixed dose of 
onabotA vs. abobotA was recently shown in experiments conducted in bladder rodents 
(Oliveira et al., 2017). 
 
A study compared two different brands of BoNT/A, onabotA 200 or 300 U against the the 
Chinese Presigne in the same dosage. OnabotA (Botox) improved mean cystometric 
bladder capacity to a greater extent than Presigne (+103.3% vs. +42.2%). Continence by 
week 12 was achieved in 76.2% of onabotA recipients and in 47.6% of Presigne 
recipients (Gomes et al., 2010). In a retrospective brand comparison, OAB patients 
initially received onabotA 200 U (Ravindra et al., 2013). Later, due to non-clinical 
reasons, BoNT/A was changed into abobotA 500 U. During the two treatment periods 
patients receiving onabotA (n = 101) and abobotA (n = 106) had similar reductions in 
incontinence, frequency and nocturia episodes and a similar duration of the effect. 
However, patients had almost twice the rate of symptomatic urinary retention requiring 
CIC (42% vs. 23%) while receiving abobotA. Finally, a chart review of 57 patients who 
received abobotA after failing on onabotA 200 or 300 U found that the first injection of 
abobotA (mostly 750-1000 U) decrease daily incontinence episodes in 52.6% of patients 
and all patients experienced a reduction in maximal detrusor pressure (-8.1 cmH20). Mean 
cystometric bladder capacity increased by 41.2 mL, and the proportion of patients without 
involuntary detrusor contractions increased from 15.79% to 43.9%. After a median 
follow-up of 21 months, 87% of responders to the switch were still treated successfully 
with abobotA after a median follow up of 21 months (Bottet et al., 2018). 
 

4.7.8. Comparison between BoNT/A and other OAB treatments 
 
The first large comparison was the Anticholinergic vs. Botulinum toxin A Comparison 
(ABC) trial randomized 249 women with OAB and ≥5 episodes of UUI a treatment with 
one intra-detrusor injection of 100 U of onabotA plus daily oral placebo or to oral 
anticholinergic medication (solifenacin, 5 mg initially, with possible escalation to 10 mg 

has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 14 March 2023 as DOI 10.1124/pharmrev.121.000523 This article

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 79

and, if necessary, subsequent switch to trospium XR 60 mg) plus one intra-detrusor 
injection of saline during an observation period of 6-month  (Visco et al., 2012). The 
mean reduction in daily UUI episodes, the primary outcome, was similar (3.3 vs. 3.4). 
However, continence was achieved more frequently in the onabotA than in the 
anticholinergic group (27% vs 13%). On the other hand, catheter use at 2 months (5% vs. 
0%) and UTI (33% vs. 13%) were higher in the onabotA group, whereas dry mouth (46% 
vs. 31%) was more frequent in the antimuscarinic group. 
 
Other studies concluded for the superiority of onabotA over antimuscarinics and β3-AR 
agonists to improve or resolve OAB wet. In a study with OAB wet patients, placebo 
(placebo injection plus oral placebo, n = 60), onabotA 100 U injection plus oral placebo 
(n = 145), or oral solifenacin plus placebo injection (n = 151) were compared after 12 
weeks. Change from baseline in daily incontinence episodes (baseline 4.9 episodes) and 
the proportion of patients becoming dry at week 12 were the coprimary endpoints 
(Herschorn et al., 2017b). At week 12, both active treatments were superior to placebo for 
both co-primary endpoints. While the degree of improvement was numerically greater for 
onabotA than for solifenacin, statistical significance for number of incontinence episodes 
was only reached in a post-hoc analysis (-3.2 vs. -2.6). 
 
A network meta-analysis used 56 RCT in adult OAB patients to compare the relative 
efficacy of onabotA 100 U, mirabegron and anticholinergics in all licensed doses (Drake 
et al., 2017). At a timepoint of 12 weeks, patients treated with the onabotA had, on 
average, the greatest reductions in incontinence and urgency episodes, and in micturition 
frequency, and the highest odds of achieving dryness. 
 
The Rosetta study compared onabotA 200 U against sacral neuromodulation (SNM) 
(interStim®) in refractory OAB wet patients at 6 months (Amundsen et al., 2016) and 2 
years follow-up (Amundsen et al., 2018). The proportion of randomised patients suitable 
for SNM implant was identical in the two arms. At baseline the onabotA group (n = 190) 
had 5.4 and the SNM (n = 174) had 5.2 episodes of urinary incontinence per day. 
OnabotA 200 U resulted in a greater mean daily reduction in UUI episodes over 6 
months, which averaged 1 episode/day (Amundsen et al., 2016). More patients reported a 
complete resolution (20% vs 4%) or 75% reduction of UUI episodes (46% vs 26%) with 
onabotA 200 U treatment than with SNM. UTI (35% vs 11%) and the need for CIC (8% 
and 2% at 1 and 6 months, respectively, were more frequent with onabotA. Revisions and 
removal of the neuromodulation device occurred in 3% (Amundsen et al., 2016). The 
advantages of onabotA where no longer observed at 2 years follow-up (Amundsen et al., 
2018). No difference in the decrease of urinary incontinence episodes was found and no 
differences in incontinence cure or improvement at ≥75% or ≥50% were present at 2 
years, although satisfaction and treatment endorsement were higher for the toxin 
(Amundsen et al., 2018). Recurrent UTIs remained higher after onabotA (24% vs 10%) 
and 6% of the patients required CIC after a second injection. SNM revision and removals 
occurred in 3% and 9% of the patients, respectively (Amundsen et al., 2018). A decreased 
treatment response and satisfaction and a decreased functional and health related QoL 
improvement with onabotA compared to SNM was observed in older women with 
multiple comorbidities (Richter et al., 2017a). 
 
In a survey in 50 OAB patients (a mean age 61 years) 74% preferred onabotA and 26 % 
SNM as first treatment option (Balchandra and Rogerson, 2014). In those who preferred 
onabotA, 54% disliked the need for a foreign body in the back; 45.9% made the option 
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due to a short waiting list and 43.2% made the choice based on the quicker onset of 
benefit. In the SNM group 61.5% disliked the potential need for repeated injections and 
461 % chose SNM to avoid the risk of urinary retention.  
 
SNM may be useful in OAB non-responders to onabotA. In a small cohort with 20 
patients 14 (70%) received a definitive implant. One year after implantation, 11 patients 
were satisfied with SNM (Smits et al., 2013). The opposite may also be true according to 
a retrospective multicentre analysis of 62 OAB women who had received either onabotA 
or abobotA injections after failure of SNM (Baron et al., 2020). The percentage of 
success, either resolution or > 50% reduction of urinary incontinence or frequency was 
43.4% after the first injection. CIC was necessary in 36.8%. Overall, 42 patients (55.2%) 
stopped injections during follow-up.  
 

4.7.9. Cost-effectiveness of BoNT/A  

Several studies have explored the cost-effectiveness of BoNT/A in the treatment of 
refractory OAB; such considerations differ from those of oral medications because of the 
need for cystoscopies and related general anesthesia. An early cohort considered 101 
British patients with DO  (62% neurogenic DO) and found BoNT/A treatment to be cost-
effective in both NDO and idiopathic OAB (Kalsi et al., 2006). This analysis was based 
on the typical resource utilization in the UK and use of 200-300 U BoNT/A (Botox®) 
compared with standard care (Kalsi et al., 2006). A multicenter analysis of 214 German 
NDO patients found that onabotA lowered the costs for incontinence aids and for UTI 
treatment by decreasing daily expenses for incontinence aids from €2 to €1 per day and 
for drug treatment of UTI from €163 to €8 per year (Wefer et al., 2010). 

An analysis based on US patients compared costs associated with BoNT/A, SNM and 
augmentation cystoplasty in patients refractory to antimuscarinics over a 3 year period 
interventions, (Watanabe et al., 2010). The initial treatment cost was $1,313, $22,226, and 
$10,252 for BoNT/A, SNM, and augmentation cystoplasty respectively. The cumulated 
cost after 3 years was $7651, $26,269, and $14,337 respectively. SNM remained as the 
costliest intervention upon sensitivity analyses. The  break-even point for BoNT/A and 
augmentation cystoplasty costs in NDO patients may be reached after 5 years. The cost-
effectiveness of BoNT/A increased further if the effect duration of each injection was > 5 
months or if complications associated with augmentation cystoplasty occurred in >40% of 
patients (Padmanabhan et al., 2011). 

A study in US over 2 years concluded that if OAB patients receive 15.6 and 14.3 months 
of selective and non-selective anticholinergics, respectively, and 2.2 onabotA injections, 
the toxin is cost effective, a finding that may change BoNT/A treatment faster into a first 
line option (Shepherd et al., 2018). In the Rosetta trial, onabotA vs. SNM, the authors 
performed a 2-year within-trial assessment of costs and modeled theoretical 5-year costs 
(Harvie et al., 2020). The 2-year costs were higher for SNM than onabotA and estimated 
5-year costs were still higher for SNM. SMN in its current form is less cost-effective than 
the toxin in the treatment of refractory OAB in the US (Harvie et al., 2020). 

4.8. Drug combinations  
 

4.8.1. Antimuscarinics with α1-AR antagonists 
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While male LUTS were long considered to result from BPO secondary to benign 
prostatic enlargement, it is now clear that they can arise from prostatic pathology, 
bladder dysfunction, both, or entirely different causes. Assuming that treatment of 
male LUTS may differ depending on underlying cause makes diagnosing and choice 
of appropriate treatment complex in men with storage symptoms. α1-AR antagonists 
are the most frequently used medicines for the treatment of male LUTS, whereas 
muscarinic antagonists are a first-line treatment of OAB. Considering the prevalence 
of combined voiding and storage/OAB symptoms and the observation that the QoL of 
such patients is largely determined by the storage symptoms, using muscarinic 
antagonists for men mainly affected by storage LUTS is a plausible approach. 
Accordingly, several studies in men reported that the combination of antimuscarinics 
and α-blockers may be beneficial for relief of storage symptoms in men experiencing 
insufficient symptom relief with either monotherapy. We will first discuss the add-on 
studies (with and without a placebo add-on) in non-responders to the primarily chosen 
treatment, followed by those that primarily compared monotherapies to combinations. 
 
Based on the difficulties in determining whether storage LUTS in males are due to the 
problems with the prostate and/or bladder, the initial studies investigated the effects of 
add-on treatment with a muscarinic antagonist in men who reported insufficient 
symptom relief upon treatment with an α-blocker. Initial randomized studies did not 
include a placebo control for the addition of the muscarinic antagonist. For instance, 
combination treatment (tamsulosin plus propiverine) improved in daytime frequency, 
incontinence, and urgency to a greater extent than monotherapy with the α-blocker 
(Saito et al., 1999). Neither treatment changed PVR, and one case (1.5%) of AUR 
occurred with combination treatment. A similar study in 211 men with 
urodynamically confirmed BPO and OAB symptoms compared the safety and 
efficacy of 8 weeks of treatment with the combination of doxazosin and propiverine 
with that of doxazosin monotherapy (Lee et al., 2005).  Combination treatment was 
associated with greater improvement in urinary frequency, voided volume, storage 
and urgency domains of the IPSS, and patient satisfaction. The PVR increased 20.7 
mL combination treatment, but no case of AUR was reported. 
 
In caution of increased PVR and possibly aggravated voiding symptoms, efficacy and 
safety of tamsulosin combined with a low dose of propiverine (10 mg) in comparison 
with tamsulosin monotherapy was investigated in 119 men with BPO and OAB 
indicated by a prostate volume of ≥20 mL, IPSS of ≥8, and OAB symptoms (Kang et 
al., 2009). . Both treatments improved IPSS, QoL, MVV, Qmax, and PVR at the 3 
months’ time point with QoL being the only parameter differing in favor of the 
combination group. No patient in this study experienced AUR. The authors suggested 
that combination therapy with an α-blocker and low-dose anticholinergic could be a 
reasonable and effective initial therapeutic option in men with LUTS due to 
concomitant BPH and OAB. The concept to maintain the benefit of combination 
treatment while reducing risks by using a low dose of the muscarinic antagonist was 
directly investigated by comparing the efficacy and safety of a low-dose and a 
standard‐dose tolterodine ER (2 and 4 mg, respectively) in combination with an α‐
blocker in 95 men with who had an IPSS ≥12, QoL score ≥3, and ≥8 micturitions and 
≥2 urgency episodes per 24 h after 4 weeks of α‐blocker monotherapy (Kim et al., 
2016a). The IPSS score (−5.5 and −6.3, respectively), micturitions per 24 h (−1.3 and 
−1.7, respectively), and nocturia (−0.4 and −0.4 per night, respectively) improved in 
both groups after 12 weeks of treatment with no statistically significant differences 

has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 14 March 2023 as DOI 10.1124/pharmrev.121.000523 This article

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 82

between groups for the efficacy parameters or tolerability. The authors’ conclusion 
that use of a low‐dose of tolterodine ER as add‐on therapy to an α-blocker is similar 
to standard‐dose in efficacy and safety is limited by sample, which may have been too 
low to detect differences with adequate statistical power. 
 
Based on the inherent weakness of studies with open-label add-on treatment, others 
applied designs that added the muscarinic antagonist or placebo to the α-blocker 
treatment. One study randomized 652 men ≥40 years of age with persistent bladder 
storage symptoms despite having received a stable dose of an α-blocker for ≥1 month 
to either 4 mg of tolterodine ER and α-blocker (n = 329) or placebo and α-blocker (n  
=323) for an intended observation period of 12 weeks (Chapple et al., 2009). The 
combination including receiving tolterodine exhibited greater improvements as 
compared to that including placebo  in micturitions/day (-1.8 vs -1.2), urgency 
episodes/day (-2.9 vs -1.8), IPSS storage subscale (-2.6 vs -2.1), and OAB-q symptom 
bother scale (-17.9 vs -14.4). No clinically meaningful alterations of PVR or Qmax 
were observed in either group, indicating that the addition of tolterodine to α-blocker 
therapy can yield further improvement of storage LUTS. 
 
Another study randomized 398 men ≥45 years of age to tamsulosin 0.4 mg plus either 
solifenacin 5 mg p (n = 203) or placebo (n  =195) using mean change in 
micturitions/day after 12 weeks of treatment as the primary and change in urgency 
episodes/day and total IPSS as the secondary endpoints (Kaplan et al., 2009). mean. 
While improvement of the primary endpoint of daily micturitions did not differ 
significantly between groups, statistical superiority for combination with solifenacin 
as compared to placebo was observed for the decrease in urgency episodes (-2.18 for 
solifenacin vs -1.10 for placebo). Within the IPSS the only statistically significant 
group difference was in total storage symptoms (-3.15 for solifenacin vs. -2.40 with 
placebo. The authors concluded that while α-blockers may adequately manage 
voiding LUTS in men, storage LUTS may be improved with the addition of 
solifenacin. 
 
Based on these results, three major RCT have tested the efficacy and safety of a 
combination of solifenacin and tamsulosin, including the VICTOR (Kaplan et al., 
2013) and SATURN (van Kerrebroeck et al., 2013b) trials. The VICTOR trial 
(Kaplan et al., 2013) was a randomized, placebo-controlled study assessing 
solifenacin 5 mg as an add-on therapy to tamsulosin 0.4 mg in its OCAS formulation 
in men with remaining storage symptoms and a BOO index ≥20. Reductions in 
daytime frequency, the primary outcome of the study, were achieved with 
combinations of tamsulosin with solifenacin or with placebo, but the extent of the 
improvement did not differ statistically between them. Solifenacin add-on reduced 
daily urgency episodes compared to placebo, but that was the only statistically 
significant efficacy difference between solifenacin and placebo. Seven patients (3%) 
in the solifenacin group developed retention, with three requiring catheterizations vs. 
none in the placebo group. 
 
The SATURN trial was a phase II dose-finding trial comparing the combination of 
different doses of solifenacin (3, 6, and 9 mg) with tamsulosin 0.4 mg in its OCAS 
formulation vs. tamsulosin alone and vs. placebo in 937 men with voiding and storage 
LUTS (total IPSS ≥ 13, and Qmax 4.0–15.0 mL/s with a voided volume ≥120 mL) (van 
Kerrebroeck et al., 2013b). There were no specific inclusion criteria regarding storage 
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symptoms except for a PVR >200 mL. Increasing solifenacin doses were associated 
with greater decreases in micturition frequency and total urgency and frequency 
scores and increases in voided volume in the combination groups compared with 
tamsulosin monotherapy. In a post-hoc analysis, patients with at least two urgency 
episodes and at least 8 micturitions per 24 h at baseline showed greater improvements 
in storage and QoL parameters with combination treatment than with tamsulosin 
alone. The subgroup of patients with fewer storage symptoms experienced little or no 
additional benefit from combination therapy compared with tamsulosin monotherapy. 
Combination therapy was well tolerated, and AE were consistent with the safety 
profiles of each individual compound. Mean PVR volume increased with increasing 
solifenacin dose, but the extent of increases was not deemed to be clinically relevant 
nor were they accompanied by a greater incidence of retention.  
 
Based on the results from the SATURN trial, those authors expected to establish the 
most useful clinical dose of combination therapy for further evaluation in the phase III 
study (NEPTUNE) of solifenacin and tamsulosin in males with moderate to severe 
storage LUTS (van Kerrebroeck et al., 2013a). The study evaluated the efficacy and 
safety of a fixed-dose combination tablet containing 6 or 9 mg solifenacin plus 0.4 mg 
tamsulosin in its OCAS formulation. A total of 1334 men with LUTS/BPH who had 
moderate-to-severe storage symptoms (two or more urgency episodes per 24 h, eight 
or more micturitions per 24 h and Patient Perception of Intensity of Urgency Scale 
grade 3 or 4) were included. Men with ultrasound-estimated prostate weight ≥75g or 
PVR >150 mL were excluded. Patients were randomized to placebo, tamsulosin, 
solifenacin 6 mg plus tamsulosin, or solifenacin 9 mg plus tamsulosin. The co-
primary efficacy endpoints were (1) total IPSS and (2) Total Urgency and Frequency 
Score. A combination met the success criteria if it demonstrated superiority over 
placebo and noninferiority to tamsulosin for total IPSS and superiority to tamsulosin 
for the for the Total Urgency and Frequency Score. Bother treatments reduced the 
total IPSS and the Total Urgency and Frequency Score after 12 weeks tamsulosin (–
7.0 and –8.1 and–6.5 and –7.6, for combination including 6 and 9 mg solifenacin, 
respectively) compared with tamsulosin (–6.2 and –6.7, respectively) and with 
placebo (-5.4 and -4.4, respectively). While the combination including 6 mg 
solifenacin 6 mg met all prespecified success criteria for both co-primary endpoints, 
that including 9 mg solifenacin met the success criteria compared with placebo but 
not compared with tamsulosin OCAS. Both combinations improved QoL and were 
well tolerated, with low incidences of AUR. Consequently, a once-daily fixed dose 
combination tablet of solifenacin 6 mg plus tamsulosin 0.4 mg intended to treat both 
storage and voiding symptoms in men with LUTS/BPH has been licensed and become 
clinically available in several countries.  
 
Patients completing the 12-week NEPTUNE study were invited into the open-label, 
40-week NEPTUNE II extension study to evaluate the long-term (up to 52 weeks in 
total) safety and efficacy of the solifenacin plus TOCAS combination therapy (Drake 
et al., 2015). For total IPSS, improvements from baseline to the end of treatment 
compared with placebo were achieved with tamsulosin (−6.2), solifenacin 6 mg plus 
tamsulosin (−7.0), and solifenacin 9 mg plus tamsulosin (−6.5). Solifenacin 6 mg plus 
tamsulosin was noninferior to tamsulosin for total IPSS; improvement was observed 
with solifenacin 9 mg plus tamsulosin compared with tamsulosin, but that was not 
statistically significant after multiplicity adjustment, and noninferiority was not 
proven. Improvements in Total Urgency and Frequency Score from baseline to the 
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end of treatment were greater with tamsulosin, solifenacin 6 mg plus tamsulosin, and 
solifenacin 9 mg plus tamsulosin than with placebo (−6.7, −8.1, and −7.6, 
respectively). Solifenacin 6 mg plus tamsulosin was statistically superior to 
tamsulosin alone for the Total Urgency and Frequency Score, but solifenacin 9 mg 
plus tamsulosin was not. Urinary retention occurred in eight patients, and five cases 
required catheterization: one case (0.3%) each with tamsulosin and solifenacin 6 mg 
plus tamsulosin and three cases (0.9%) with solifenacin 9 mg plus tamsulosin.  
 
Responder and health-related QoL analyses of the NEPTUNE study reported that men 
treated with a combination of solifenacin 6 mg plus tamsulosin consistently had 
improved outcomes compared with both the placebo and tamsulosin monotherapy 
groups (Drake et al., 2016). The reduction in total urgency frequency score correlated 
with the improvement in health-related QoL, as defined by the IPSS QoL score, the 
OAB-q symptom bother score, the overall patient global impression bladder 
symptoms, and the general health of the patient. The authors expected the positive 
health-related QoL data for the combination of solifenacin 6 mg plus tamsulosin to 
translate into improved persistence of treatment and possibly increased confidence in 
prescribing the combined therapy as an initial treatment for moderate-to-severe 
LUTS/BPH. 
 
The  efficacy and safety of a combination between a muscarinic and an α1-
adrenoceptor antagonist administered for one year in men with BPE and OAB was 
also compared to that of α-blocker monotherapy in a randomized study including 
urodynamic assessments (Matsukawa et al., 2017). A total of 120 men with BPE, at 
least one urgency episode per week and an OABSS of ≥3 received silodosin 8 mg plus 
propiverine 20 mg or silodosin alone. Changes IPSS, IPSS-QoL, OABSS, and voiding 
and storage functions measured by UDS after 1 year relative to baseline values. Both 
treatments improved the IPSS and OABSS, but improvements in the combination 
group were larger for the OABSS (–3.4 vs. –2.4 in monotherapy), IPSS-QoL (–1.9, –
1.2), and OAB-urgency scores (–1.8, –1.2).  Both groups showed improvements of 
storage function, but these were larger in the combination group for the disappearance 
of DO (54.5% vs. 34.2% monotherapy) and increase in bladder capacity (+61 mL, 
+33 mL), indicating that the combination of silodosin and propiverine is a safe and 
effective long-term option for men with BPE and OAB showing urodynamic 
improvement in the storage phase parameters. 
 
The above add-on data show that combination treatment can be beneficial in men with 
an insufficient response to monotherapy with α-blocker but do not answerthe question 
whether a primary combination treatment may be beneficial in some men. This was 
addressed in the TIMES study, multicenter, double-blind, placebo-controlled RCT 
that compared the efficacy and safety of tolterodine ER alone, tamsulosin alone, their 
combination , and placebo in 879 men with OAB and BPO (Kaplan et al., 2006). In 
their primary efficacy analysis, 80% of men receiving combination treatment reported 
benefits by week 12 as compared to 62%, 65% and 71% receiving placebo, 
tolterodine or tamsulosin, respectively. Among secondary endpoints, patients 
receiving lacked statistically significant improvement in UUI, urgency, daytime 
frequency, and nocturia compared with patients receiving placebo whereas 
combination treatment yielded small improvements of these parameters. Combination 
treatment and tamsulosin monotherapy improved total IPSS vs. placebo, monotherapy 
with tolterodine did not. Combination treatment also improved urgency variables and 
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patient-reported outcomes and was associated with greater satisfaction with the 
treatment and willingness to continue it (Rovner et al., 2008). combination treatment. 
A subanalysis focussing on symptoms captured in the IPSS found that combination 
treatment was more effective than placebo in treating storage LUTS, including OAB 
symptoms (Kaplan et al., 2008). . Another post-hoc analyses of the TIMES study 
suggested that men with smaller prostates may benefit more from a muscarinic 
antagonist than those with larger prostates (Roehrborn et al., 2009). 
 
Another RCT comparing naftopidil (25–75 mg) alone or in combination with 
propiverine (10–20 mg) or oxybutynin (2–6 mg) administered for 12 weeks to 101 
men with BPH observed different results (Maruyama et al., 2006). The IPSS, QoL,  
Qmax and PVR improved similarly in both groups, whereas. However, combination 
treatment increased  PVR to a greater extent than monotherapy (45.0 vs. 13.5 mL), 
which was reflected by more men having an increased PVR in the combination than 
the monotherapy group (22.9% vs. 5.0%)) , indicating that combination therapy 
including a low-dose muscarinic antagonist was not more effective than monotherapy 
with an α-blocker. However, based on sample size this study may have been 
underpowered. 
 
As mentioned earlier, to prevent AUR and increased PVR, a lower dose of 
antimuscarinics was studied in combination with α1-AR antagonists in men with BPO 
and OAB. However, the efficacy of low dose antimuscarinic therapy in patients with 
severe symptoms of OAB should be considered. A study evaluated the safety and 
efficacy of high-dose anticholinergics combined with α-blockers as an initial 
treatment (Lee et al., 2017). Another study assessed the efficacy of combining two 
antimuscarinics (solifenacin and trospium) with α-blockers. In the first study, 146 
men with total IPSS ≥8, total OAB symptom scores (OABSS) ≥3, OABSS 
questionnaire number 2 ≥2, and prostate volume >20 mL were randomly assigned to 
receive tamsulosin 0.2 mg (Group I), tamsulosin plus solifenacin 5 mg (Group II), or 
tamsulosin plus solifenacin 10 mg (Group III) for 12 weeks (Lee et al., 2017). Men 
with PVR ≥200 mL were excluded. After treatment, the groups receiving both 
tamsulosin plus solifenacin (II and III) showed improvements in storage symptoms 
greater than those in the monotherapy group (I) in the OABSS and IPSS storage sub-
scores. The total IPSS and IPSS voiding sub-score improved in every group, and the 
IPSS QoL and PPBC scores also showed improvements, although not statistically 
significant ones. Qmax decreased in groups II and III, and PVR increased in the 
combined treatment groups, but neither was statistically significant. Dry mouth 
developed in four (7%) and eight (17%) men in groups II and III, respectively, and 
one (2%) and three (6%) men dropped out in groups II and III, respectively. Two 
cases of AUR developed in group III, and one of those patients was withdrawn from 
the study. Those authors concluded that initially treating men with LUTS with a 
combination of tamsulosin and solifenacin improves storage symptoms, but dose 
modification is necessary to prevent AE. 
 
Another study added a combination of solifenacin plus trospium or placebo to existing 
tamsulosin treatment in men with BPH and severe symptoms of OAB (Kosilov et al., 
2016). Men initially diagnosed with BPH (8–19 points on the IPSS, residual urine 
volume ≤100 mL) were enrolled in the preliminary stage of the study. During that 
stage, men with severe OAB were selected based on >3 episodes of urinary 
incontinence/day, IPSS > 19, and OAB-V8 questionnaire score > 32. The included 
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patients were randomly assigned to the main group (daily combination of solifenacin 
5 mg and trospium 5 mg with tamsulosin 0.4 mg) or the control group (tamsulosin 0.4 
mg) for 8 weeks. The percentage of patients with severe symptoms of OAB, the first 
endpoint, was 44%. In the main group, the number of incontinence episodes 
decreased from 3.4/day to 0.9/day, and daytime frequency decreased from 9.2/day to 
5.7/day. Changes in the parameters in the control group proved to be statistically 
insignificant. Six patients from the main group (three with dry mouth, two with 
hypertension, one unknown) and 3 from the control group (two with lack of efficacy, 
one with dry mouth) stopped participating in the study. Retention was not reported. 
The combination of standard doses of trospium and solifenacin with tamsulosin was 
suggested to be an effective and well tolerated treatment option for the management 
of severe symptoms of OAB in men. However, this study did not allow conclusions 
whether adding two as compared to one anti-muscarinic to an α-blocker provided 
benefit. 
 
Several systematic reviews and meta-analyses have compared the safety and efficacy 
of treating men with BPH and OAB with a combination anticholinergics and α-
blockers with α-blocker monotherapy (Filson et al., 2013; Gong et al., 2015; Hao et 
al., 2014)(Kim et al., 2017a). Combination therapy produced a greater reduction in the 
IPSS storage sub-score (Δ -0.73, 95% CI –1.09 to –0.37) and voiding frequency (Δ -
0.69 voids, 95% CI –0.97 to –0.41) than monotherapy in a pooled analysis of 7 
placebo-controlled RCT (Filson et al., 2013). Combination therapy also produced a 
greater reduction in Qmax (Δ -0.59 mL/sec, 95% CI –1.04 to –0.14) and an increase in 
PVR (Δ 11.60 mL, 95% CI 8.50–14.70). The number of patients who need to be 
treated with combination therapy to cause 1 AUR episode was calculated to be 101 
(95% CI 60–267), indicating that combination treatment improved the storage 
parameters more than an α-blocker alone. Such benefit occurred with a minimal risk 
of increasing PVR, decreasing Qmax, or causing AUR. Another systematic review 
considered 18 eligible RCTs including 2106 subjects (52%) in the combination 
therapy group (antimuscarinic and α-blocker) and 1978 subjects (48%) in the α-
blocker monotherapy group (Hao et al., 2014). The combination group reported 
improvements in storage IPSS (−1.51; 95% CI −2.10 to −0.91), QoL score (−0.53; 
95% CI −0.89 to −0.17), micturitions/24 h (−1.14; 95% CI −1.84 to −0.45), and 
urgency episodes/24 h (−0.99; 95% CI −1.46 to −0.51). Qmax (−0.05; 95% CI −0.27 to 
0.17), total IPSS (−0.88; 95% CI −1.64 to −0.12), whereas voiding IPSS (0.40; 95% 
CI −0.34 to 1.15) did not differ between groups. Worsened PVR was observed only in 
the combination therapy group (−6.53; 95% CI 3.06–10.00). Another meta-analysis 
focused on 7 studies comparing combinations including solifenacin with tamsulosin 
monotherapy and a total of 3063 men (Gong et al., 2015). Combination treatment 
improved storage IPSS (−0.60; 95% CI −0.81 to −0.38), QoL (−0.23; 95% CI −0.34 
to −0.11), micturitions/24 h (−0.70; 95% CI −0.86 to −0.55), and urgency 
episodes/24 h (−0.26; 95% CI −0.48 to −0.05) to a greater extent than monotherapy. 
The incidence of AEs in the combination group was not much higher than in the 
monotherapy group (31% vs. 26%). AUR was rare in those studies, and no clinically 
relevant alterations of Qmax were reported. 
 
More recently, a systematic review and meta-analysis compared the effectiveness of 
newer medications for LUTS/BPH (Dahm et al., 2017). Six combination therapies of 
anticholinergics and α-blockers were compared with α-blocker alone using 
darifenacin, fesoterodine, oxybutynin, solifenacin, tolterodine, and trospium as the 
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antimuscarinic. The safety and efficacy of the combination therapies seemed to be 
similar among different the antimuscarinics. However, those trials often excluded 
participants with high PVRs, thereby excluding the patients at highest risk for urinary 
retention. Furthermore, the applicability of those findings to general medical practice 
was affected by their use of an assessment of postvoid residuals that is not part of the 
routine care pathway. 
 
The intermediate-term and long-term impact of combination therapy remains largely 
unknown because supporting literature is absent. This becomes even more important 
in light of the high discontinuation rates seen with anticholinergic therapy (Gomelsky 
et al., 2018). Nonetheless, the combination of a muscarinic antagonist and an α-
blocker is now recommended by AUA, EAU, and NICE for men with moderate-to-
severe LUTS with predominant storage symptoms. However, the clinical relevance of 
the improvements of combination over monotherapy in male LUTS remains uncertain. 
For instance, the difference between combination treatment and monotherapy with an 
α-blockers was only 0.3-0.8 IPSS points  in the NEPTUNE program (Drake et al., 
2015; van Kerrebroeck et al., 2013a) although slightly larger in the TIMES study (1.8 
points) (Kaplan et al., 2006). However, either is less than the threshold of about 3 
points proposed to be noticeable by an individual patient (Barry et al., 1995). 
Moreover, the comparison of group means for the evaluation of combination 
treatments has been criticized in general, and it has been proposed to focus on fraction 
of individuals benefitting from combination treatment vs. monotherapy (Michel and 
Staskin, 2022). 
 
A urodynamic study compared the efficacy of fesoterodine and mirabegron as add-on 
therapies to silodosin in 120 men with persistent OAB symptoms while receiving 
silodosin monotherapy (Matsukawa et al., 2019). Patients were randomized to receive 
add-on therapy with fesoterodine (4 mg) or mirabegron (50 mg) for 12 weeks. At 
week 12, the fesoterodine (vs. mirabegron) group showed greater improvements in the 
OABSS-total (–2.8 vs. –1.5), IPSS-QoL (–1.5 vs. –1.1), and OABSS-urgency scores 
(–1.5 vs. –0.9). Both groups exhibited improvement of storage function, but 
improvements in the DO alleviation rate were greater in the fesoterodine group (52.6% 
vs. 28.9%). Voiding functions did not deteriorate in either group; no statistically 
significant inter-group differences were observed. PVR increased (by 16 mL) only in 
the fesoterodine group. Those authors concluded that using fesoterodine as an add-on 
therapy to silodosin was more effective than adding mirabegron to silodosin to 
improve OAB symptoms and storage functions without deteriorating voiding 
symptoms or functions. 
 

4.8.2. Antimuscarinics with ARI  
 
After post-hoc analyses of the TIMES study had indicated that men with smaller 
prostates benefit more from antimuscarinic therapy (Roehrborn et al., 2009), the 
combination of a muscarinic antagonist with an ARI was explored. An open-label, 
fixed-dose study assessed the safety and efficacy of tolterodine ER in combination 
with dutasteride in men with prostates ≥30 g ( mean baseline 54.3 g) and persistent 
OAB symptoms, who had responded insufficiently to dutasteride 0.5 mg alone for at 
least 6 months and in whom α-blocker treatment had failed and was discontinued 
(Chung et al., 2010).. . After treatment with tolterodine ER 4 mg for 12 weeks, 
frequency (–3.2/24 h), urgency (19.2%), number of severe OAB episodes (71.4%), 
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and nocturia episodes (–0.9) had decreased from baseline. The IPSS had decreased 
with dutasteride treatment (from 19.3 to 14.3) and further with the added tolterodine 
to 7.1, including a reduction in its storage domain from 9.8 to 4.5. Dry mouth 
occurred in four (7.5%) subjects, constipation in one (2%), and decreased sexual 
function in two (3.9%). PVR and Qmax changed only minimally, and AUR was not 
observed, indicating that the combination of tolterodine and dutasteride was safe, 
effective, and well-tolerated in men with large prostates who had persistent OAB 
symptoms and LUTS attributed to BPO. 
 
Dutasteride was evaluated in terms of OAB symptoms and bladder ischemia in men 
with BPE (Wada et al., 2015). After 24 weeks of dutasteride treatment, the bladder 
vascular resistive index had decreased, and the IPSS urgency score was improved, 
from 2.3 ± 1.9 to 1.4 ± 1.4. In 20 patients with persistent urgency after dutasteride, the 
resistance index was less improved than in an additional 10 patients without urgency. 
Post-treatment bladder outlet obstruction index scores and PdetQmax in patients with 
persistent urgency were higher than in those without urgency after dutasteride. The 
authors suggested that the reduction of obstruction and improvement in bladder 
ischemia might play important roles in the beneficial effects of dutasteride on OAB 
symptoms. In another study, patients with persistent OAB symptoms after the initial 
administration of dutasteride were given solifenacin, and IPSS and OABSS were 
prospectively collected at 4 and 12 weeks (Maeda et al., 2015). Solifenacin 5 mg 
reduced the IPSS, OABSS, and OABSS Q3 at 4 (–2.0, – 2.0, –1.0) and 12 weeks (–
3.1, –2.7, –1.3). However, based on number of trials and small sample sizes in each of 
them, robust conclusions on the possible value of such combinations are not yet 
possible. 
 

4.8.3. Antimuscarinics with β3-AR agonists 
 
 The different mechanism of action of β3-AR agonists and muscarinic antagonists 
different mechanisms of action, raises the possibility that their combination may be a 
useful in the treatment of OAB and DO, particularly in patients experiencing 
intolerable AE at the chosen dose of antimuscarinic or insufficient symptom 
improvement. This has been explored in several clinical trials.  
 

4.8.3.1.Antimuscarinics with mirabegron  
 
Several programs have evaluated the combination of mirabegron with the muscarinic 
receptor antagonist solifenacin. SYMPHONY was a phase II, randomized, double-
blind, parallel-group, placebo- and monotherapy-controlled trial that evaluated the 
efficacy, dose-response relationship, and safety/tolerability of solifenacin combined 
with mirabegron in comparison with placebo and solifenacin 5 mg monotherapy in 
adults with OAB symptoms (Abrams et al., 2015). A total of 1306 patients 
randomized to 12 treatments: placebo, combination of 2.5, 5, or 10 mg solifenacin 
with 25 or 50 mg mirabegron, and monotherapy (solifenacin 2.5, 5, or 10 mg; 
mirabegron 25 or 50 mg) for a 12-week treatment period. The primary endpoint was 
change from baseline to end of treatment in MVV. All combinations with solifenacin 
5 or 10 mg improved MVV more than solifenacin 5 mg monotherapy, and a 
decreasing trend in urinary frequency was observed with increasing solifenacin and 
mirabegron doses. The combinations of solifenacin 5 mg plus mirabegron 50 mg, 
solifenacin 10 mg plus mirabegron 25 mg, and solifenacin 10 mg plus mirabegron 50 
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mg yieled greater improvements than monotherapy with solifenacin 5 mg and with 
placebo. All treatments were generally well tolerated, and no severe AE were reported. 
Secondary endpoints included changes from baseline to end of treatment relative to 
placebo and solifenacin 5 mg in patient-reported outcomes, OAB-q and PPBC and 
prespecified clinically meaningful improvements in efficacy (e.g., <8 micturitions/24 
h). The combinations solifenacin/mirabegron 5/25 mg and solifenacin 5/50 mg 
yielded greater improvement in PPBC compared to placebo and solifenacin 5 mg. 
Improvements in the Symptom Bother score were evident for three combinations 
(solifenacin/mirabegron 2.5/50 mg , 5/25 mg , and 5/50 mg ). Improvements in total 
health related QoL were observed for the solifenacin/mirabegron 5/50 mg 
combination vs. placebo and for 2.5/50, 5/25 and 5/50 mg combinations vs. 
solifenacin 5 mg. In the efficacy responder analyses, the 5/25 mg and 5/50 mg 
combinations were associated with improvements vs. solifenacin 5mg in terms of 
patients achieving complete dryness and achieving ≥ 50% reduction in daily 
incontinence episodes. The proportion of patients achieving micturition frequency 
normalization at week 12 was 65.4 and 61.6% with the 10/25 mg and the 5/50 mg 
combinations, respectively, and exceeded those in the placebo and solifenacin 5 mg 
groups. The proportion achieving a ≥2 point improvement in PPBC was higher with 
the 5/50 mg combination than with placebo and with 5/25 mg and 5/50 mg 
combination than with solifenacin 5 mg (Abrams et al., 2017). 
 
Based on these results, the SYNERGY phase III study evaluated the safety and 
efficacy of combinations of solifenacin and mirabegron in comparison with 
monotherapy and placebo in wet OAB patients with at least 3 urinary incontinence 
episodes in a 7-day micturition diary (Herschorn et al., 2017a). A total of 3527 
patients was randomized to placebo, two combination groups (solifenacin 5 mg plus 
mirabegron 25 mg or 50 mg), and three monotherapy groups (solifenacin 5 mg or 
mirabegron 25 or 50 mg) for a 12-week treatment period. The co-primary endpoints 
were change from baseline to end of treatment in the mean number of daily 
incontinence episodes and micturitions. All treatment groups demonstrated a 
reduction in daily incontinence episodes, which exceeded the placebo and 
monotherapy groups with combination therapy (placebo −1.34;  mirabegron 25 mg 
and 50 mg −1.7 and −1.76, respectively; solifenacin −1.79 ; 5/25 mg combination 
−2.04 ; and 5/50 mg combination −1.98 ).While the 5/50 mg combination was 
superior to solifenacin monotherapy for incontinence episodes (mean adjusted 
difference of −0.2 episodes per day), the difference for the 5/50 mg combination did 
not reach statistically significance vs. mirabegron 50 mg. All treatment groups 
improved daily micturitions more than placebo with effect sizes for the combination 
groups (5/25 mg –0.85; 5/50 mg –0.95) being greater than those with solifenacin (–
0.56) and with mirabegron (25 mg -0.36; 50 mg -0.39) monotherapies. The mean 
adjusted change in MVV was greater in the 5/25 mg combination (34.84 mL) and the 
5/50 mg combination group (39.73 mL) than in the monotherapy and placebo groups. 
Improvements in the mean adjusted differences in the MVV for the combinations 
were greater than those for monotherapy except for the comparison between 
solifenacin 5 mg plus mirabegron 25 mg and solifenacin 5 mg. Responder analyses 
showed odds ratios in favor of the combination therapies vs. the monotherapies in the 
proportion of patients with zero incontinence episodes (the odds were 31–50% higher 
in the combination groups) and those achieving micturition frequency normalization 
(the odds were 30–60% higher in the combination groups). A subgroup analysis found 
a larger effect size in patients who had received prior OAB medication (46% of 
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participants) than in treatment-naïve patients in daily incontinence (except for the 
5/25 mg combination vs. mirabegron 50 mg monotherapy) and in the change in the 
number of daily micturitions (except for the 5/25 mg combination vs. solifenacin 5 
mg monotherapy). While some of the improvements relative to monotherapy reached 
statistical significance with large sample sizes, the effect sizes typically were small 
and at the group level of unclear clinical relevance. 
 
Health-related QoL (HRQoL) was evaluated in SYNERGY using OAB-q, PPBC, and 
a responder analysis (≥10-point improvement in OAB-q Symptom Bother score, ≥10-
point improvement in HRQoL total score, and ≥1-point or ≥ 2-point improvement in 
PPBC) (Robinson et al., 2018). At 12 weeks, combination treatment (5/25 mg and 
5/50 mg) showed greater improvements in OAB-q and PPBC than monotherapy, 
except for the comparison between the 5/25 mg combination compared to solifenacin 
monotherapy. The odds ratios favored combination therapy over monotherapy in the 
proportion of responders with most of the predefined criteria. 
 
The BESIDE study, a phase IIIB trial, specifically recruited OAB patients with 
insufficient responses (remained wet) to a 4 week monotherapy with solifenacin 
(Drake et al., 2016). OAB patients remaining incontinent after 4-week, single-blind, 
run-in period with solifenacin 5 mg were randomized 1:1:1 to a double-blind 
combination (solifenacin/mirabegron 5/25 mg, increasing to 5/50 mg after 4 weeks, n 
= 727; solifenacin 5 mg, n = 728; solifenacin 10 mg, n = 719) for 12 weeks. The 
primary efficacy endpoint was a change in the mean number of daily incontinence 
episodes as compared to baseline. Key secondary efficacy endpoints were changes in 
the number of daily micturitions and incontinence episodes based on a 3-d voiding 
diary. The adjusted change in daily incontinence episodes   greater in the combination 
(–1.80) and the solifenacin 10 mg (-1.67) than the solifenacin 5 mg group (–1.53). 
Combination treatment reduced mean daily micturitions to a greater extent than either 
solifenacin monotherapy dose (–1.59 vs. –1.14 vs. -1.12). The combination treatment 
was not inferior to solifenacin 10 mg in the key secondary endpoints and was superior 
to solifenacin 10 mg at improving daily micturitions. All treatments were well 
tolerated. The incidence of treatment-emerging AEs was lowest in the solifenacin 5 
mg group (33.1%), highest in the solifenacin 10 mg group (39.4%) and intermediate 
in the combination group (35.9%). The incidence of dry mouth was highest in the 
solifenacin 10 mg group (9.5%), with the combination group (5.9%) similar to the 5.6% 
of the solifenacin 5 mg group. These results indicate that a solifenacin/mirabegron 
5/50 mg combination could be an alternative to dose escalation of solifenacin in 
patients with insufficiently responding to 5 mg solifenacin alone. In a prespecified 
sub-analysis stratified by age (≥65 and ≥75 years), the combination treatment 
improved OAB symptoms more effectively than solifenacin monotherapy irrespective 
of age (Gibson et al., 2017). 
 
The proportion of responders who became continent was 46.0%, 37.9% and 40.2% in 
the combination group and 5 and 10 mg solifenacin monotherapy) groups. Patients 
receiving the combination achieved continence (47% and 28%, respectively), a 50% 
or greater reduction in incontinence episodes (51% and 25%, respectively) , 
normalization of micturition frequency (29% and 12%, respectively) more often as 
compared to treatment with solifenacin 5 mg and 10 mg. The combination group was 
superior to both solifenacin doses in the OAB-q Symptom Bother score, total HRQoL, 
and PPBC. According to the responder analysis, odd ratios were found in favor of the 
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combination treatment vs. monotherapy in the proportion of responders with a 10-
point or greater improvement in the OAB-q Symptom Bother score and total HRQoL 
and a 2-point or greater improvement in PPBC (MacDiarmid et al., 2016). 
 
SYNERGY II was a phase III study of 1829 patients with wet OAB symptoms that 
investigated the safety and efficacy of a combination treatment (solifenacin 5 mg plus 
mirabegron 50 mg) over 12 months (Gratzke et al., 2018). Overall, 47% experienced 
≥ 1 treatment-emerging AE, and the incidence of AEs was slightly higher in the 
combination group (49%) than in the mirabegron (41%) and solifenacin (44%) groups. 
A total of 3.7% of the AE were reported to be serious, and only one patient was 
considered to have possibly treatment-related AE (atrial fibrillation in the mirabegron 
group). Dry mouth was observed more frequently in the combination (6.1%) and 
solifenacin groups (5.9%) than in the mirabegron group (3.9%). Constipation 
occurred more frequently in the combination group (3.3%) than the solifenacin (2.3%) 
and mirabegron (1.0%) groups. Despite the longer treatment period, similar incidence 
rates for anticholinergic-associated AE were observed after combination treatment. 
This study showed that the OAB-q Symptom Bother score and HRQoL total score 
improved more with combination treatment than with either monotherapy. At end-of-
treatment, the combination of solifenacin 5 mg and mirabegron 50 mg group was 
superior to the mirabegron 50 mg and solifenacin 5 mg groups in terms of changes in 
the number of incontinence episodes per 24 h (adjusted mean difference vs. 
mirabegron: –0.5, 95% CI –0.7 to –0.2; vs. solifenacin: –0.1. 95% CI –0.4 to 0.1) and 
in the number of micturitions per 24 h (vs. mirabegron: –0.5, 95% CI –0.8 to –0.2; vs. 
solifenacin: –0.4, 95% CI –0.7 to –0.1).  
 
A Japanese multicenter, open-label, phase IV study (MILAI) assessed the efficacy 
and safety of mirabegron in combination with solifenacin in OAB patients who had 
exhibited insufficient responses upon an at least 4-weektreatment with 2.5 or 5 mg 
solifenacin (Yamaguchi et al., 2015). The mirabegron dose could be increased to 50 
mg if the patients showed insufficient response to mirabegron 25 mg after 8 weeks, 
agreed to a dose increase, and the investigator judged that there were no safety 
concerns. 223 patients were assigned to solifenacin/mirabegron combinations of 
2.5/25 mg (n = 35), 2.5/50 mg (n = 37), 5/25 mg (n = 58), and 5/50 mg (n = 93) for a 
16-week treatment period. All treatments improved the OABSS total score, OAB-q-
short-form score, daily micturitions and urgency, incontinence UUI and nocturia 
episodes and MVV. In the mirabegron 50 mg groups, the mean OABSS total score, 
mean OABS-q SF Symptom Bother score, and total HRQoL score were further 
improved after the dose increased from 25 to 50 mg. The overall incidence of drug-
related AE was 23.3%, and all AE were mild or moderate. 
 
Previous combination studies involved add-on therapy of mirabegron 50 mg in OAB 
patients who did not respond to anticholinergic monotherapy (Drake et al., 2016; 
Yamaguchi et al., 2015) or concurrent use of mirabegron and anticholinergics 
(Abrams et al., 2015; Herschorn et al., 2017a). Alternatively, the MILAI II study 
tested the long-term safety and efficacy of antimuscarinic add-on therapy in OAB 
patients with a suboptimal response to initial mirabegron monotherapy (Yamaguchi et 
al., 2019). A total of 647 patients with residual OAB symptoms despite receiving 
mirabegron 50 mg for at least 6 weeks were randomized to receive a combination of 
mirabegron 50 mg and solifenacin 5 mg (n = 166), propiverine 20 mg (n = 161), 
imidafenacin 0.2 mg (n = 161), or tolterodine 4 mg (n = 159) for 52 weeks (1:1:1:1 
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ratio). At week 8, the dose of anticholinergics (except for tolterodine) could be 
doubled if a patient had a poor response to the study drugs. If an AE occurred after the 
dose escalation, the dose could be reduced to the original level. Overall, 80.2% of 
patients experienced at least one AE. Furthermore, 46.8% of patients experienced at 
least one drug-related AE, with similar incidences in all groups. Dry mouth (25.2%), 
nasopharyngitis (21.6%), and constipation (16.5%) were the most commonly reported 
AE. Dry mouth (31.7%) in the mirabegron plus propiverine group and constipation in 
the mirabegron plus solifenacin group were slightly higher than found with the other 
regimens. No notable change from baseline was found for PVR in any group. 
Improvements in OABSS and OAB-q short-form were observed at the first evaluation 
(week 4 for OABSS, week 12 for OAB-q) and were maintained throughout the entire 
52-week treatment period. Improvements from baseline were observed in all efficacy 
parameters assessed using data from patient micturition diaries. 
 

4.8.3.2.Antimuscarinic with vibegron 
 
While the above data with mirabegron indicate that vibegron in combination with 
anticholinergics should also have positive results, direct clinical evidence in this 
regard is limited. One two-part phase IIb study assessed the safety and efficacy of 
vibegron (part 1) and of vibegron administered with or without an antimuscarinic 
(part 2) (Mitcheson et al., 2019). In part 1, patients received at 3, 15, 50, or 100 mg 
vibegron, tolterodine ER 4 mg (positive control), or placebo for 8 weeks or a 
vibegron/tolterodine 50/4 mg combination for 4 weeks and then vibegron 50 mg for 4 
weeks. In part 2, patients received vibegron 100 mg, tolterodine 4 mg, vibegron 100 
mg plus tolterodine 4 mg, or placebo for 4 weeks. The vibegron/tolterodine 100/4 mg 
combination decreased the daily number of micturitions and urgency episodes from 
baseline to week 4 more than either monotherapy alone. Among wet OAB patients, a 
numerically greater decrease in UUI episodes was observed from baseline to week 4 
with the 100/4 mg combination vs. either monotherapy. A numerically greater 
reduction in the number of total incontinence episodes from baseline to week 4 was 
observed with the vibegron/tolterodine 100/4 mg combination as compared with 
monotherapy only inconsistently reached statistical significance.  
 

4.8.4. Antimuscarinics with estrogens 
 
A limited number of clinical trials has explored potential benefits of combining 
antimuscarinics with estrogens, but the total evidence is difficult to understand due to 
differences in their outcome and typically small sample sizes as compared to other 
OAB studies. While a greater symptom improvement was found when tolterodine was 
used with vaginal estrogen cream as compared to tolterodine alone (Tseng et al., 
2009), no difference between tolterodine with or without topical estrogen in women 
with symptomatic DO was reported (Serati et al., 2009). A subsequent study found 
that combination therapy resulted in greater symptom relief only when tolterodine 
was added to single therapy intravaginal estradiol group at 12 weeks but not the 
converse (Ellington et al., 2016). This led them to conclude that the addition of an 
antimuscarinic may only be necessary if intravaginal estradiol alone has not conferred 
sufficient benefit.  
 
A study compared the efficacy and safety of oral solifenacin monotherapy vs. a 
combination with local estrogen in 104 post-menopausal women with OAB 
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randomized to receive either solifenacin 5 mg plus Promestriene vaginal capsules or 
solifenacin alone (Jiang et al., 2016a). The primary outcome measure was change 
from baseline to end of treatment in the mean number of daily voids, QoL was 
assessed using the IPSS and OAB symptom score questionnaires. The median 
decreases in number of daily voids in the two groups were 5.4 and 4.3, respectively, 
which was not statistically different. The median decrease in urgency episodes was 
2.0 and 2.5, respectively. In addition, the QoL scores changed with both treatments. 
The addition of local estrogen improved subjective feelings and QoL. The authors 
concluded that solifenacin with or without local estrogen was effective and safe for 
OAB treatment in post-menopausal women.  
 
One study compared the estradiol vaginal ring with oral oxybutynin by randomizing 
women with OAB to receive either the ultra-low dose estradiol vaginal ring (n = 28) 
or oral oxybutynin (n = 31) for 12 weeks (Nelken et al., 2011). The primary outcome 
was a reduction in daily micturitions. Secondary outcomes were QoL questionnaires 
and vaginal pH and maturation index. The reduction of daily micturitions was 3.0 and 
4.5 upon treatment with oxybutynin and the vaginal ring, respectively, the difference 
not being statistically significant. Thean improvement in urogenital distress inventory 
and incontinence impact questionnaire scores were also similar in both groups, 
indicating that the ultra-low dose estradiol releasing vaginal ring and oral oxybutynin 
seemed to be similarly effective in decreasing the number of daily voids in post-
menopausal women with OAB.  
 
Similarly, a small study where 23 women were randomized to either combination 
therapy with fesoterodine and topical vaginal estrogen, or fesoterodine alone, showed 
no statistically significant difference between groups after 12 weeks of treatment. 
Again however, the improvement in the combination therapy group in all primary 
outcome measures of this study, was greater than in the single therapy group 
(Chughtai et al., 2016). 
 

4.8.5. Combined antimuscarinics 
 
A dose elevation can improve OAB symptoms in patients with suboptimal treatment 
response to antimuscarinic drugs if the original dose is well tolerated. This raises the 
possibility two combine two different muscarinic antagonists in refractory patients, 
which has been tested in a limited way (Table 3).  
 
One group has reported on multiple trials that combined two muscarinic antagonists in 
OAB patients. In one RCT, a total of 313 elderly (>65 years) men and women with 
moderate or severe OAB symptoms were treated over two cycles (first 6 weeks of 
treatment, followed by 6 weeks of no treatment and then 4 weeks of treatment again) 
(Kosilov et al., 2014a). Assigned treatments were a combination of solifenacin plus 
trospium for both cycles, a combination cycle 1 followed by placebo in cycle 2, or 
placebo in both cycles; each of the three groups was further subdivided into patients 
with moderate and with severe symptoms (≤ vs. ≥ 3 incontinence episodes per day), 
resulting in group sizes of 47-58 patients. The applied doses are not fully clear 
because combination treatment was based on solifenacin 20 mg plus trospium 40 mg 
according to the text but o solifenacin 60 mg plus trospium 40 mg according to the 
table legends. The combination reduced incontinence and urgency episodes during the 
first cycle as compared to placebo; this efficacy was maintained in the second cycle 
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on active treatment but diminished when placebo was used in the second cycle. This 
was mimicked by results from pressure flow studies. AE were reported in 11.8% and 
were of moderate intensity. 
 
A second study from the same group randomized 341 OAB patients with ≥3 daily 
incontinence episodes to trospium/solifenacin combinations of 60/20 mg and 30/10 
mg vs. placebo (each for three cycles of 8 weeks followed by 8 weeks of no 
treatment), whereas a third group received trospium 30 mg plus solifenacin 10 mg 
continuously for 1 year vs. placebo (Kosilov et al., 2014b). All participants had not 
taken any antimuscarinics for at least 1 year prior to enrollment. All three active 
treatments reduced number of incontinence episodes to a greater extent than placebo, 
both at end of each active treatment cyclase and at end of each 8-week treatment 
pause. At the end of the 12-months observation period, reduction of incontinence 
episodes with active treatment was largest for high-dose cyclic treatment, 
intermediate for continuous treatment and lowest for standard-dose cyclic treatment (-
3.4, -2.4, and -1.9 episodes per day, respectively). Similar findings were obtained for 
number of urgency and of micturition episodes and urodynamic findings. Interestingly, 
the adherence rate was highest with the cyclic high- standard-dose than the continuous 
treatment (86%, 77% and 31%, respectively).  Of note, neither study evaluated the 
efficacy of combination treatment vs. monotherapy. 
 
A third study from that group first randomized (1:3) men with confirmed OAB and 
BPO to receive placebo or tamsulosin for 8 weeks; one month after the end of the 
tamsulosin treatment all evaluations were repeated and those with confirmed BPO 
were randomized to receive placebo or a combination of solifenacin 5 mg and 
trospium 5 mg for another 8 weeks (Kosilov et al., 2015). Combined antimuscarinic 
treatment improved all items of the IPSS, although to a different extent and not 
reaching statistical significance for each item. Similarly, daytime frequency, nocturia, 
urgency and UUI episodes were improved, although that did not reach statistical 
significance for frequency. While prostate volume remained unchanged, Qmax and 
Qave were increased substantially (15.5 vs. 26.6 mL/s and 13.7 vs. 21.5 mL/s, 
respectively). Discontinuations due to AE were comparable in both groups. 
 
Others evaluated the efficacy and safety of flexibly adding oxybutynin ER in OAB 
patients refractory to monotherapy with an initial antimuscarinic (Wang et al., 2017). 
A total of 129 patients with persistent symptoms or partial response to 3 months of 
behavioral therapy and an optimized dose of one muscarinic antagonist were included. 
At baseline, week 4, and week 12 after the addition of oxybutynin ER (5–15 mg), 
OAB symptom indexes, PPBC, uroflowmetry, PVR, therapeutic effect, AE, and 
tolerability were evaluated. Patients continuing combined antimuscarinic therapy 
were followed for up to 12 months. All OAB symptom indexes decreased at all visits 
compared with baseline. A total of 32 (24.8%) and 25 (19.4%) patients reported 
successful therapeutic effect at weeks 4 and 12, respectively. Twenty‐four (18.6%) 
and 44 (34.1%) patients discontinued therapy at weeks 4 and 12, respectively. 
However, only 31 (24.0%) patients continued the combined medication for up to 12 
months. Discontinuation of the combined medication was noted in 28 (21.7%) 
patients due to AE and in 70 (54.3%) due to a lack of efficacy. The long‐term efficacy 
of the combination of two antimuscarinic agents is thus limited. 
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An open-label study in children (14 girls and 19 boys, mean age 12 years) with 
refractory OAB and incontinence who responded insufficiently to standard treatment 
including one antimuscarinic administered an additional antimuscarinic for a mean of 
16 months (Bolduc et al., 2009). Continence improved in all patients and 17 became 
dry. No, mild and moderate AE were observed in 12, 16 and 5 children, respectively. 
 
Thus, the above studies concluded that the combination of two muscarinic antagonists 
was safe and effective. However, there is little evidence from randomized, double-
blind, controlled studies that a combination of two such drugs at standard doses is 
more effective to a clinically relevant extent than a single drug or than dose escalation. 
Moreover, the concept of combination treatment lacks mechanistic plausibility for 
drugs for which dose-ranging studies have demonstrated that the approved doses 
already are maximally effective within the boundaries of acceptable tolerability. 
 

4.8.6. α1-AR antagonists with β3-AR agonists 
 
Combinations of an α1-AR antagonist with a β3-AR agonist have mostly been 
explored in settings where the β3-AR agonist was administered (with or without 
placebo control) as add-on to existing treatment with an α-blocker, particularly in men 
with persisting storage symptoms. An early study randomized men with urinary 
urgency ≥1/week and a total OABSS ≥3 after ≥8 weeks of treatment with tamsulosin 
to treatment with tamsulosin 0.2 mg or tamsulosin plus mirabegron 50 mg; men with 
a PVR >100 mL were excluded (Ichihara et al., 2015). After 8 weeks of treatment, the 
total OABSS was reduced to a greater extent in the combination than in the 
monotherapy group (–2.21 vs. –0.87). Scores for urgency, daytime frequency, IPSS 
storage symptom sub-score, and QoL were also improved more in the combination 
group. The change in PVR was also greater in the combination group, and AUR was 
observed in 1 patient. 
 
Subsequently, the efficacy of mirabegron vs. placebo was evaluated in men with 
storage symptoms while receiving tamsulosin therapy (Kakizaki et al., 2021; Kakizaki 
et al., 2020). Following a single-blind, 4-week screening period with tamsulosin 
monotherapy, 568 men were randomized to add-on treatment with mirabegron 50 mg 
or placebo. Active add-on treatment improved the primary endpoint, baseline to end-
of-treatment change in the mean number of daily micturitions, more than placebo 
(adjusted mean difference -0.52 [-0.82 to -0.21]). Mirabegron add-on was also more 
effective than placebo for the secondary endpoints of MVV (12.08 [6.33-17.84]), 
OABSS (-0.65 [-1.04 to -0.26]), total IPSS (-1.19 [-1.94 to -0.44]), storage IPSS (-
0.78 [-1.13 to -0.43]), QoL scores (-0.29 [-0.51 to -0.07]), OAB symptom bother (-
4.52 [-6.91 to -2.13]), and total health-related QoL (2.79 [1.13 to 4.44]). However, 
numeric differences with placebo did not reach statistical significance for urgency, 
UUI, and nocturia. Treatments were well tolerated with no major safety concerns. 
 
In a phase IV study, 676 men underwent a 4-week run-in period receiving tamsulosin 
0.4 mg followed by a 12-week, randomized, double-blind treatment period where they 
received either placebo or mirabegron 25 mg as add-on therapy (Kaplan et al., 2020). 
At 4 weeks, doses were titrated to either 50 mg mirabegron or placebo. Add-on 
treatment with mirabegron was superior to that with placebo in reducing the mean 
number of daily voids (-2.00 vs -1.62; primary endpoint). Among the secondary end 
points, mirabegron was statistically superior results to placebo for MVV and number 
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of urgency episodes, but not for IPSS. The authors concluded that the addition of 
mirabegron to tamsulosin improved the hallmark symptoms of OAB, urinary 
frequency and urgency. The lack of effect on the IPSS raises the possibility that 
mirabegron may not have acted on the LUTS attributable to BPH but rather on 
concomitant but undiagnosed OAB. 
 
We have identified a single study that explored the efficacy and safety of vibegron 50 
mg administered for 12 weeks as add-on in men receiving either an α-blocker (n = 22; 
8 on silodosin 8 mg, 10 on naftopidil 50 or 75 mg and 4 on tamsulosin 0.4 mg) or 
tadalafil (n = 20) and had persistent storage symptoms (Ishikawa et al., 2021). 
Compared to baseline, the total OABSS (primary endpoint) decreased upon additional 
administration of vibegron (6.21 ± 3.12 vs 4.38 ± 2.46). Qmax and PVR did not 
change, and no patient discontinued vibegron because of AEs. 
 
A urodynamic study in 120 men with persistent OAB symptoms while receiving 
silodosin monotherapy compared the efficacy of fesoterodine and mirabegron as add-
on therapies to silodosin (Matsukawa et al., 2019). While both add-on treatments had 
beneficial effects, fesoterodine yielded greater improvements than mirabegron for 
many parameters (see section 4.9.1). Accordingly, administration of a β3-AR agonist 
may be helpful in men who continue to exhibit storage symptoms upon treatment with 
an α1-AR antagonist (and perhaps a PDE5 inhibitor). Whethr such add-on is more 
efficacious than that of a muscarinic receptor agonist remains to be determined; of 
note, the evidence base for addition of the antimuscarinic is considerably greater than 
that for the β3-AR agonist. 
 

4.8.7. α1-AR antagonists with ARI  
 
Multiple RCT have evaluated the combination of an α1-AR antagonists and ARI in 
male LUTS. They differ in drugs under investigation, presence of a placebo group, 
inclusion criteria (prostate size), duration and primary endpoints (symptom 
improvement vs. progression). Early studies had a duration of 6-12 months and were 
designed to test whether a combination of finasteride 5 mg with alfuzosin SR 5 mg 
b.i.d. (Debruyne et al., 1998), doxazosin starting at 1 mg and titrated up to 8 mg 
(Kirby et al., 2003) or terazosin 10 mg (Lepor et al., 1996) was superior to 
monotherapy with the α-blocker. Without a minimum prostate size as inclusion 
criterion, finasteride 5 mg was not superior to placebo in the trials having a placebo 
group (Kirby et al., 2003; Lepor et al., 1996), and the combination was not superior to 
the α-blocker in any of the three studies. These studies demonstrated that for a 
treatment of up to 1 year combination therapy did not provide benefit over 
monotherapy for symptom improvement. 
 
Two later studies evaluated effects of combination treatment with indicators of 
progression as the primary endpoint and a mean follow-up of at least 4 years. The 
Medical Therapy of Prostatic Symptoms Study (MTOPS) compared placebo, 
doxazosin (1 mg titrated up to a maximum of 8 mg), finasteride 5 mg and their 
combination; it had no inclusion criteria related to prostate volume and defined 
progression (primary endpoint) by the occurrence of an increase of ≥4 points in the 
AUA symptom score, AUR, urinary incontinence, renal insufficiency or recurrent 
UTI (McConnell et al., 2003). The Combination of Avodart® and Tamsulosin 
(CombAT) study compared tamsulosin 0.4 mg, dutasteride 0.5 mg and their 
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combination (no placebo arm); it had a prostate volume ≥30 cm3 as inclusion criterion 
(mean 55-56 cm3) and the occurrence of AUR or BPH-related surgery as primary 
endpoint (Roehrborn et al., 2010). Both studies demonstrated the superiority of 
combinations over monotherapy for the primary endpoint at time points >12 months, 
which is in line with the early studies that did not detect benefits of the combination 
within up to 1 year. At study end, combination treatment was superior to monotherapy 
not only for the primary endpoint related to progression but also for individual 
components (secondary endpoints) of preventing symptomatic progression, AUR, and 
BPH-related surgery (McConnell et al., 2003; Roehrborn et al., 2010). Post-hoc 
analyses of MTOPS and CombAT data reported that combination therapy produced 
an improvement in IPSS, QoL, and nocturia (Fwu et al., 2013; Oelke et al., 2014; 
Roehrborn et al., 2014). Discontinuation of the ARI after combination therapy was 
associated with the resumption of combination therapy, progression of BPH, and need 
for BPH-related surgery (Lin et al., 2014). Currently, a combination of an α1-AR 
antagonist and an ARI is recommended by many guidelines for men with bothersome 
moderate to severe LUTS, a high risk of disease progression or enlarged prostate 
(prostate volume > 40 mL), and high PSA if they are committed to long-term 
treatment. The disadvantage of combining α1-AR antagonists with ARI is the 
increased incidence of AE from the concomitant effects of both classes of drugs 
(Füllhase et al., 2013; La Torre et al., 2016). Potential AE (e.g., ejaculation 
dysfunction with α1-AR antagonists or loss of libido with ARI) might be additive and 
can negatively affect patient QoL, especially sexual function.  
 

5. Clinically used drugs to treat NDO 
 

5.1. Muscarinic receptor antagonists 
 
In a study in 66 NDO patients, reflex volume (primary endpoint) was improved 
comparablye by propiverine IR and ER after 21 days of treatment (Stöhrer et al., 
2013). However, percentage of patients with incontinence was reduced more with the 
ER compared to IR formulation (39% vs. 14%). AE were similar with dry mouth rates 
27% and 24% for ER and IR formulations, respectively. 
 
The SONIC trial assessed efficacy and tolerability of solifenacin in NDO patients  
suffering from MS or SCI in a prospective phase IIIb/IV parallel group RCT 
(Amarenco et al., 2017). Approximately a quarter of the patients were taking muscle 
relaxants to help with spasticity. Patients were randomized to solifenacin 5 mg, 10 
mg, oxybutynin 5 mg t.i.d. or placebo for 4 weeks after a placebo run-in. Most MS 
patients were female, and most SCI patients male. The primary endpoint of maximum 
cystometric capacity was increased with solifenacin 5 and 10 mg (115 and 134 mL, 
respectively) and oxybutynin (165 mL) compared with placebo (5 mL). Furthermore, 
improvements were observed for bladder volume at first contraction and at first leak, 
detrusor pressure at first leak, PPBC and I-QoL. The overall incidence of AE were 
low and dry mouth rates were 2.3%, 4.2%, 7.8% and 17% for placebo, 5 and 10 mg 
solifenacin and oxybutynin, respectively.   
 
Solifenacin increased MVV and improved continence in 138 children with therapy 
resistant OAB according to a chart review (Hoebeke et al., 2009). An open-label study 
treated 112 girls and 132 boys with refractory incontinence (191 had idiopathic DO 
and 53 NDO, mean age 9.2 years) with 1.25-10 mg solifenacin (Nadeau et al., 2014). 
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Improvements were seen in urodynamic parameters, PPBC, and incontinence 
episodes with the dry rate being 36%. Treatment outcomes were more successful for 
idiopathic DO than NDO. Most patients reported no side effects (n = 175). Results 
from 2 open-label studies in pediatric population with NDO suggested solifenacin 
(2.5-10 mg) improved maximum cystometric capacity and other urodynamic 
parameters as well as reducing UI episodes (Franco et al., 2020). Solifenacin was 
generally well tolerated in this study. 
 
Trospium 20 mg b.i.d. administered over a 3-week period increased maximum 
cystometric capacity, decreased maximal detrusor pressure and increased bladder 
compliance in a double blind RCT study on patients with NDO, whereas placebo did not; 
there were only few AE and their incidence was comparable in both grops (Stöhrer et al., 
1991). Another RCT included patients with spinal cord injuries and NDO and found 
oxybutynin and trospium to be equally effective, but trospium apparently had fewer AE 
(Madersbacher et al., 1995). In a pooled analysis of two placebo-controlled urodynamic 
studies with trospium (20 mg b.i.d.) a total of 517 patients were treated for 3 weeks 
(Fröhlich et al., 2002). Compared to placebo, trospium increased volume at first 
involuntary contraction and maximum cystometric bladder capacity. Trospium treated 
patients recorded ‘cure’ or ‘marked improvement’ more often than the placebo group 
(47.9% vs 19.7%). Trospium was well tolerated with a similar incidence of AE in both 
groups.  
 
Doubling the recommended daily doses of trospium and tolterodine to 90 and 8 mg, 
respectively, decreased incontinence episodes in patients with persistent NDO 
(Horstmann et al., 2006). 
 
Another non-invasive approach in patients with refractory NDO is the combination of 
two muscarinic antagonists. A combined antimuscarinic regimen using oxybutynin, 
tolterodine, and trospium was evaluated as a non-invasive alternative for patients who 
had neurogenic bladder dysfunction with incontinence, reduced bladder capacity, and 
increased intravesical pressure (Amend et al., 2008b). A second muscarinic 
antagonists was added to the existing double-dose antimuscarinics for patients who 
had previously demonstrated unsatisfactory outcomes with double-dose monotherapy. 
incontinence episodes decreased, and reflex volume, maximal bladder capacity, and 
detrusor compliance increased after 4 weeks of combination treatment. AE were 
comparable to those seen with standard doses of the antimuscarinics. Similar 
conclusions were drawn from a double-blind RCT in 12 patients (Nardulli et al., 
2012).  
 

5.2. Mirabegron 

Mirabegron has been investigated in a limited number of trials in adult patients with 
NDO and/or low compliance. It reduced daily frequency of bladder evacuations (from 
8.1 to 6.4) and incontinence episodes (from 2.9 to 1.3) in 15 NDO patients treated 
with mirabegron for ≥6 week according to a retrospective chart review (Wöllner and 
Pannek, 2016). Based on urodynamic investigation in these patients, mirabegron 
improved bladder capacity (from 365 to 419 mL), bladder compliance (from 28 to 
45 ml/ cm H20) and detrusor pressure during storage phase (from 45.8 vs 30 cm H20). 
At follow-up, 9/15 patients were satisfied with the therapy. 
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A prospective, multicenter, double-blind, placebo-controlled RCT on the efficacy and 
safety of mirabegron 50 mg in 66 patients with NDO due to SCI or MS reported an 
increase of volume at the first detrusor contraction and an improvement in bladder 
compliance in the mirabegron group compared with the placebo-treated group, 
whereas differences in the increase in cystometric capacity and the reduction of 
incontinence episodes did not reach statistical significance (Krhut et al., 2018). There 
were changes in all the patient-reported outcomes, favoring the mirabegron group. 
The incidence of drug-related AE was 3.13%. 
 
A double-blind, placebo-controlled RCT assessed the effects of mirabegron 25 mg for 
2 weeks (escalated to 50 mg for the following 8 weeks) vs. placebo in 32 patients with 
neurogenic LUT dysfunction due to SCI or MS (Welk et al., 2018). No statistically 
significant difference in bladder capacity between mirabegron and placebo (305 vs. 
369 mL; primary outcome parameter) was observed at study end; this was also true 
for differences in the secondary outcome parameters of volume at first NDO (167 vs 
137 mL), peak pressure (69 vs 82 cm H2O), pad weight, or voiding diary parameters. 
However, the symptom burden was lower among those treated with mirabegron (total 
neurogenic bladder symptom score  29 vs 34). 

 
A retrospective study looked at clinical and urodynamic parameters in 66 children 
under 18 years of age with spina bifida who were treated with mirabegron 50 mg for 
at least 6 weeks either in addition to or instead of antimuscarinic therapy (Park et al., 
2019). Incontinence improved in both groups, and maximum cystometric bladder 
capacity and compliance increased. AE were reported in 6 patients (constipation 
4.5%; headache 3.0%; hypertension, 1.5%) and 3 patients discontinued treatment. 
 
Based on these exploratory findings, an open-label, multicenter, baseline-controlled, 
phase III study evaluate the efficacy and safety of mirabegron in children and 
adolescents (3 to <18 years) with NDO using CIC (Baka-Ostrowska et al., 2021). 
Participants received mirabegron at an adult dose equivalent of 25 mg. Dose was 
increased to a 50 mg equivalent if there were no safety/tolerability concerns. Overall, 
86 participants (55 aged 3 to <12 years, 31 aged 12 to <18 years) received treatment, 
of whom 68 were included in efficacy assessments. Maximum cystometric capacity 
increased from baseline to week 24 (87.20 mL [66.07; 108.33], an effect apparent 
from week 4 onwards. Bladder compliance, bladder volume until first detrusor 
contraction, volume per catheterization, maximum daytime catheterized volume and 
number of dry days per week also improved. Decreases in detrusor pressure and 
number of leakage episodes per day were also observed. Mirabegron was well 
tolerated in this population with a similar profile as reported in adults. 

 
While these data are encouraging, prospective, placebo-controlled studies are required 
to confirm the beneficial effects of mirabegron or other β3-AR agonists in NDO and 
low compliance bladder based on the limited number of patients and/or the 
retrospective nature of these studies. 
 

5.3. Imipramine 

Imipramine has been used in combination with antimuscarinics and α-blockers as a 
treatment for refractory NDO in adults. One prospective study compared the 
combination of doxazosin 4 mg at night, oxybutynin 5 mg b.i.d., and imipramine 25 
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in the morning (Natalin et al., 2010). Patients were included if they had poor efficacy 
with oxybutynin 15 mg for at least 3 months and had NDO demonstrated on 
urodynamics. There were 17 men and 10 women, and the median follow-up was 15 
months (range 6–38). Of the 27 patients, 10 had spina bifida, 5 had MS, 5 had SCI, 4 
had vascular brain injury, and 3 had myelitis. After 60 days of triple drug therapy, 
urodynamics were performed and the mean cystometric capacity increased from 200 
to 300 ml, and bladder compliance from 6 to 20 mL/cm H20. Also, 3-day bladder 
diaries, performed every 6 months, showed decreases in urgency episodes and number 
of voids. AE included dry mouth in 37% and constipation in 37%. The authors 
concluded that triple therapy of oxybutynin, doxazosin, and imipramine may be an 
effective, easily employed, and well-tolerated treatment option for refractory NDO.   
 
A retrospective chart review identified 77 subjects (54 men and 23 women) that were 
either on antimuscarinics and/or imipramine plus α-blockers (Cameron et al., 2009). 
The etiology of the neurogenic bladder dysfunction was SCI in 49 (64%) or spina 
bifida in 13 (17%) subjects. Patients underwent urodynamics at baseline and on 
average 10 months after starting the combination therapy. Cystometric bladder 
capacity increased from 160 to 251 mL in the 2-drug group and from 156 to 263 mL 
in the 3-drug group. In addition, bladder compliance increased from a mean of 11.3 to 
56.3 mL/cm H2O in the 2-drug group and from a mean of 7.2 to 69.6 mL/cm H2O in 
the 3-drug group. There were also improvements in incontinence, vesicoureteral 
reflux, NDO and detrusor sphincter dyssynergia. The authors concluded that the 
addition of imipramine and/or an α-blocker should be considered in patients with 
neurogenic bladder in whom anticholinergics alone fail. 

 
5.4. Baclofen 

The GABAB receptor agonist baclofen has been available for clinical use for more 
than 60 years (Kent et al., 2020). It inhibited pain, including bladder pain, upon 
systemic or intrathecal administration in animal models (Ness et al., 2021). Its 
efficacy was poor upon oral administration in idiopathic DO patients, apparently 
because baclofen does not cross the blood-brain barrier (Taylor and Bates, 1979). 
ADX71441, an orally available, selective positive allosteric modulator of GABAB 
receptors, showed promising effects in animal models of micturition disturbances 
(Kalinichev et al., 2014). Further studies of this agent would be of interest.  
 
Baclofen is one of the most effective drugs for the treatment of spasticity following 
SCI, traumatic or hypoxic brain injury, and cerebral palsy, and intrathecal baclofen 
was found to be useful in some patients with spasticity and bladder dysfunction 
(Bushman et al., 1993). In a retrospective chart review, intrathecal baclofen reduced 
symptomatic episodes of autonomic dysreflexia after SCI, even in those with 
additional risk factors for development of autonomic dysreflexia (Del Fabro et al., 
2018). Accordingly, intrathecal baclofen may be an effective treatment in some 
patients with spasticity and bladder dysfunction. 
 

5.5. Effect of BoNT/A in NDO patients.  

5.5.1.  BoNT/A in SCI and MS 
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5.5.1.1.OnabotA 

After a small exploratory RCT (Schurch et al., 2005), two large phase III studies, as 
part of the Dignity program investigated the efficacy and safety of onabotA 200 U and 
300 U against placebo in about 700 patients with NDO. Etiology included SCI below 
T1 or MS with an Expanded Disability Status Scale (EDSS) ≤ 6.5 (Cruz et al., 2011; 
Ginsberg et al., 2012). The primary outcome measure was the change from baseline in 
weekly incontinence episodes after 6 weeks of treatment. Secondary outcome 
parameters included improvements in maximum cystometric capacity, maximum 
detrusor pressure during first involuntary contraction and QoL using the I-QOL total 
score. Both studies yielded similar results, i.e., that both onabotA doses were similarly 
effective and had the same duration of action. In one of the studies, the reduction in 
incontinence after 6 weeks was -21.8, -19.4 and -13.2 with 200 U and 300 U of 
onabotA and with placebo, respectively, with 38.0%, 39.6% and 7.6% of patients 
becoming fully continent, respectively (Figure 9) (Cruz et al., 2011). The other study  
reported  -21, -23 and -9 incontinence episodes per week after 200 U, 300 U or 
placebo, respectively (Ginsberg et al., 2012). Incontinence was achieved in 36%, 41% 
and 10% of patients in the 200 and 300 U and the placebo groups, respectively. 
Patients could request a retreatment from week 12 onwards. Median time to request 
retreatment was about 90 days for saline treated patients and similarly 250-300 days 
for those treated either 200 or 300 U onabotA. The clinical response to onabotA was 
similar in patients with SCI or MS. The two doses tested similarly improved detrusor 
pressure and maximal cystometric capacity. The proportion of patients without 
involuntary detrusor contractions was around 60% after 200 and 300 U onabotA but 
as compared to 17.4% after placebo (Cruz et al., 2011; Ginsberg et al., 2012). Both 
MS and SCI patients had an improvement in QoL after onabotA treatment [see also 
(Chancellor et al., 2013)]. The improvement of I-QOL total score in MS patients was 
similar in those requiring CIC after toxin administration or not. Maximal detrusor 
pressure also decreased (Ginsberg et al., 2012). When pooled data were analyzed by 
etiology, both MS and SCI patients treated with 200 and 300 U had a greater decrease 
in incontinence episodes and more often achieved full dryness as compared with 
placebo (Ginsberg et al., 2013a). The change in the number of voluntary voids per 
week was examined only in MS patients, the majority of whom did not use CIC 
baseline. It declined from baseline by 2 micturitions per day at week 6 and by around 
3 micturitions per day at week 12 after injection of onabotA 200 U (Ginsberg et al., 
2013a). The improvement in incontinence episodes, the proportion of continent 
patients, the urodynamic improvement and the median time for re-treatment were 
similar in users and non-users of muscarinic antagonists (Ginsberg et al., 2013a), 
supporting previous suggestions that SCI and MS patients might stop anti-muscarinic 
medication after BoNT/A injection (Grosse et al., 2005; Reitz et al., 2004). The 
reductions of incontinence episodes over placebo were detected as soon as 2 weeks 
after injection (Cruz et al., 2011; Ginsberg et al., 2012). A small prospective open-
label study noticed some improvement in urgency, nocturia and frequency already as 
early as 2 days after injection (Kalsi et al., 2006). 
 
OnabotA doses of less than 200 U were tested in patients with SCI below T1. Patients 
(n = 73) with NDO and urinary incontinence episodes received 30 intra-detrusor 
injections above the trigone of onabotA 50 U (n = 19), 100 U (n = 21), 200 U (n = 17) 
or placebo (n = 16) and exhibited a linear dose-response for incontinence episodes 
with a maximal effect detected with 200 U and lack of effect with 50 U (Apostolidis 
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et al., 2013). The reduction of onabotA dose from 300 U to 200 U did not decrease 
clinical and urodynamic efficacy in SCI patients in real life practice (Krebs et al., 
2021). 
 
Antibody formation against onabotA was not detected during the first treatment cycle of 
randomised clinical trials (Cruz et al., 2011; Ginsberg et al., 2012). However, in a large 
cohort of 414 patients with SCI, 14 tested positive and highly positive (Tiburtius et al., 
2020) and seroconversion was associated with a shorter duration of toxin efficacy (< 7 
months).  

BONT/A treatment in NDO patients decreases in the incidence of severe UTI. An 
observational study in 30 SCI patients found that the number of pyelonephritis, orchitis 
and prostatitis episodes decreased from 1.75  ±1.87 per patient in the 6 months before 
onabotA 300U to 0.2 ± 0.41 in the first 6 month after treatment (Gamé et al., 2008). 
While the reason for these reductions remains unclear, but a reduced maximum detrusor 
pressure resulting in less bladder wall ischemia and vesico-ureteral reflux has been 
suggested (Wefer et al., 2010). 

The efficacy and safety of BoNT/A requires additional attention in MS patients. First, 
onabotA did not increase the risk of MS exacerbation based on an annualized event 
rate of 0.36 in the phase III trials, which was in the lower range in the general MS 
population (0.2-1.2 (da Silva et al., 2015). Second, the risk of de novo CIC might 
represent a drawback if patients could void voluntarily before treatment. Most patients 
had to initiate CIC in cohort studies using the effective dose of onabotA 300 U (Kalsi 
et al., 2007; Khan et al., 2011). While the 200 and 300 U doses of onabotA A had the 
same efficacy in terms of continence and duration of effect in the large phase III 
studies, the fraction of MS patients starting de novo CIC was about 1/3 after 200 U 
and >40% after 300 U (Cruz et al., 2011; Ginsberg et al., 2012).  
 
Non-randomised studies suggested that onabotA 100 U might still provide good 
efficacy while reducing the risk of CIC in non-catheterising MS patients (Mehnert et 
al., 2010), a finding confirmed by a placebo-controlled RCT (Tullman et al., 2018). 
Injections of onabotA 100 U administered in 1 mL in 30 sites above the trigone (n = 
66) or saline (n = 78) improved daily incontinence episodes compared with placebo (-
3.3 vs -1.1) and all key urodynamic parameters including maximal cystometric 
capacity and maximal detrusor pressure. OnabotA improved the I-QOL total score 4 
times more than placebo and had a longer median duration of effect (11.9 vs. 2.9 
months). The risk of UTI (25.8%) and de novo CIC (15.2%) after 100 U OnabotA 
was approximately, half of that observed with 200 U of toxin injections (Tullman et 
al., 2018). 
 
In a cohort of 137 MS patients treated with onabotA 300 U, 99 (72%) returned for a 
second treatment and 47, 25, 14 and 5 patients for third to sixth treatment with a median 
interval for the third to sixth treatment ranging between 12 and 13 months. The 
improvements in continence were similar for the initial and later injections (Khan et al., 
2011). 
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5.5.1.2. AbobotA 

Although not officially approved for NDO, abobotA has been the object of 
investigation in a few small comparative clinical trials and from two large phase III 
trials. The pooled results from the first treatment cycle of the first two large phase III 
RCT are now available (Kennelly et al., 2022). The trials  enrolled almost 500 SCI 
and MS patients with NDO and incontinence regularly performing CIC and refractory 
to oral medication. Treatment consisted of 30 injection of 0.5 mL into the detrusor 
muscle above the trigone of abobotA, in a total  dose of 600 U or 800 U; one group 
received only saline. Injections were performed under prophylactic antibiotic. At 
week 2, 6 and 12 after injections mean incontinence episodes/week were similarly 
reduced in both abobotA groups. The reductions at week 6 were -22.7,  -23.6 and -
12.7 after 600 U, 800 U and  saline respectively. Approximately one third of patients 
in both abobotA groups were dry compared with only 3% after saline. Clinically 
meaningful improvements in I-QoL, increase of bladder capacity and decrease of 
detrusor pressure occurred with both abobotA doses vs. saline (Kennelly et al., 2022).  
 
Several smaller studies had been conducted before. A total of 31 patients with NDO 
due to SCI, myelomeningocele, trauma at birth, MS or myelitis received intravesical 
injections of abobotA 500 U or placebo (Ehren et al., 2007). Compared to placebo, 
treatment with abobotA yielded a greater cystometric capacity at weeks 6 and 12, a 
lower maximum detrusor pressure, fewer incontinence episodes and less use of 
muscarinic antagonists. Another study investigated the efficacy and safety of abobotA 
at 500 U (n = 39) or 750 U (n = 38) in NDO patients that had discontinued 
anticholinergic therapy (Grise et al., 2010). Continence at day 30 was observed in 22 
patients (56.4%) and 28 patients (73.7%) receiving 500 U or 750 U, respectively. The 
median time to reappearance of incontinence was 168 days. A trend towards a greater 
improvement with 750 U did not reach statistically significant for various clinical and 
urodynamic variables. Excellent tolerability was reported for both doses.  
 
A single-center retrospective study administered intra-detrusor injection of abobotA 
750 U in 81 consecutive patients performing CIC (Peyronnet et al., 2016). The 
success rate after 6 weeks, defined as a combination of no incontinence and number 
of catheterizations <8 as reported in a 3-day bladder diary and the lack of DO, was 
64.2%. Mean reinjection number was 3.9 and mean interval between reinjection was 
8.8 ± 3 months. The clinical efficacy rate after each reinjection (up to fourteen) was at 
least 86.7%.  
 
A phase IIa trial enrolled 47 patients with NDO due to SCI or MS who received 15 
intra-detrusor injections of abobotA 750 U or the equivalent placebo (n = 16 and 7) or 
30 injections of abobotA 750 U or the equivalent placebo (n = 17 and 7) (Denys et al., 
2017a). AbobotA and placebo reduced daily incontinence episodes at 12 weeks by -
3.2 and -1.7, respectively in the group receiving 15 injections and by -3.2 and -2.6 in 
that with 30 injections. Relative to placebo, both doses of abobotA improved 
maximum cystometric capacity, maximum detrusor pressure and volume at first 
contraction.  
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5.5.1.3. IncobotA 

IncobotA for NDO has not been tested in placebo-controlled studies. A small cohort 
of 17 SCI patients exhibited improvements in average daily pad use (4.5 to 3.3), daily 
urinary frequency (9.4 to 4.6), daily incontinent episodes (2.5 to 0.4), CIC volumes 
(400 to 550 mL), and hours in between CIC (3.6 to 5.2) (Asafu-Adjei et al., 2020). 
Nine of 17 patients (53%) were dry at their first postoperative visit. No AE were 
reported.   
 

5.5.2.  BoNT/A in other neurological conditions 
 
In Parkinson´s disease, a retrospective review of a small cohort of 24 patients treated with 
OnabotA 100 U (20 injections of 5 U/0.5 mL throughout the bladder including the 
trigone) showed improvement of LUTS in 19 and a complete resolution in 7 cases 
(Vurture et al., 2018). The average PVR increased after the first injection from 17.6 to 
125.3 mL Higher pre-injection PVR and male sex decreased the probability of 
symptomatic improvement and increased the risk of incomplete bladder emptying. After 
49 injections, first and subsequent, 5 patients used CIC. A systematic review of 4 small 
cohorts published before 2018 showed that OnabotA 100 U and 200 U caused robust 
improvement and LUTS, including a decrease in day and night-time frequency. Although 
a PVR increase was concluded, no cases of urinary retention were reported (Hajebrahimi 
et al., 2019).  
 
In adults with myelomeningocele a total of 125 patients under onabotA or abobotA 
treatment (561 intra-detrusor injections in variable doses in 14 centers) were 
retrospectively investigated (Peyronnet et al., 2018). Continence was achieved in 
73.5%, and urodynamic parameters improved, including maximum detrusor pressure 
(-12 cm H2O), maximum cystometric capacity (86.6 mL) and bladder compliance (8.9 
mL/cm H2O). Three cases of muscular weakness were recorded. The success rate was 
lower in patients with poor compliance at baseline and higher in females and older 
patients. 
 
OnabotA was successful applied to treat NDO due to transverse myelitis, the criteria 
for toxin application being the lack of response to oral therapy (Knight et al., 2021). 
BoNT/A may also improve storage symptoms and continence in patients who did not 
respond satisfactory to bladder augmentation. In a small number of patients the toxin 
was injected both in the detrusor and in the intestinal augment (Martinez et al., 2020).     
 
5.5.4. QoL improvements in NDO 

All placebo-controlled studies in NDO patients comparing 200 or 300 U onabotA showed 
strong increases in the Incontinence-QoL questionnaire score in SCI and MS patients 
(Cruz et al., 2011; Ginsberg et al., 2012; Herschorn et al., 2011; Schurch et al., 2007). 
Interestingly, in patients non-catheterizing before treatment, I-QoL scores of those who 
maintained spontaneous voiding or had to initiate de novo CIC were similar (Ginsberg et 
al., 2012). Further sub-analysis showed that the improvements occurred in the avoidance, 
limiting behaviour, psychosocial and social embarrassment domains of the I-QoL 
(Chancellor et al., 2013). The OAB-PSTQ and the Patient Global Assessment also 
showed greater improvements from baseline in the 200 U OnabotA than in the placebo 
group (Chancellor et al., 2013).  
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In a study that investigated OnabotA 100 U in non-catheterizing MS patients a strong 
improvement in I-QoL score, similar to those observed with 200 U, was reported 
(Tullman et al., 2018).  However, in MS patients voiding spontaneously but maintaining 
incontinence after a low toxin dose, the administration of a high dose (300U onabotA) to 
induce retention combined with CIC might also improve QoL if dryness between 
intermittent bladder emptying is achieved (Kalsi et al., 2007; Khan et al., 2011).   

A study in NDO children comparing 50 U, 100 U and 200 U in NDO captured the 
Treatment Benefit Scale and concluded that at week 6 at least 75% of the children across 
the 3 groups were greatly improved or improved (Austin et al., 2021). 

A single-center, double blind, placebo-controlled RCT in 37 patients applied abobotA 
500 U or placebo and found greater improvement in QoL parameters in the active 
treatment group (Ehren et al., 2007). AbobotA 500 U and 750 U improvedin QoL 
similarly in an NDO population where SCI predominated (Grise et al., 2010). 
AbobotA administration of 750 U in 15 or 30 points in the bladder of SCI or MS 
patients increased I-Qol score well above the minimum important difference, without 
differences between the two methods of administration (Denys et al., 2017a). 
 
5.5.5. Repeated injections in NDO patients 
 
The median time of patients with NDO due to SCI or MS to request a retreatment was 
around 300 days after onabotA 200 or 300 U but only 92 days after placebo (Cruz et al., 
2011). Therefore, a program of reinjections is inevitable for patients who respond to 
BoNT/A. Long-term efficacy and safety of repeated onabotA injections was 
systematically investigated by extension studies of two large phase III trials (Cruz et al., 
2011; Ginsberg et al., 2012). Patients on placebo were initially randomized to onabotA 
200 U or 300 U but, following the licensing of 200 U, all patients were converted to this 
dose. Patients were treated based on their request and fulfillment of prespecified 
qualification criteria (≥12 weeks since previous treatment and at least 1 episode of 
incontinence in last 3 days). The final results of patients followed during a 4-year period 
(from an initial cohort of 392 cases) are available (Kennelly et al., 2017). The percentage 
of responders remained high across the six treatments at 70-80%. OnabotA 200 U 
consistently decreased incontinence episodes/day at week 6 across six treatments, 
reductions ranging from -3.2 to -4.1. More than 80% of the patients achieved a ≥50% and 
43 to 56% achieved full dryness. I-QoL total score regularly exceeded 2 times the 
minimum important difference. Overall, the median duration of each treatment was 9 
months. Breaking down the duration, in 52% it was between 6 and 12 months, in 22% 
was than 6 months and in 26% exceeded 12 months. Further analysis of the patients who 
completed the 4-year study shows that some patients required 8 re-injections while others 
requested only 2. Patients who requested less treatment had a trend to have less baseline 
episodes of incontinence per day. Nonetheless, the daily episodes that were observed in 
week 6 after each treatment indicated a similar efficacy of onabotA regardless of the 
number of injections requested (Kennelly et al., 2017). This is an interesting point as it 
may suggest that patient preference for retreatment was not motivated by a different 
degree of toxin efficacy. An additional post-hoc analysis of this cohort stratified patients 
by three responses: <50% (n = 33), 50-74% (n = 23), and 75-100% (n = 139) (Denys et 
al., 2017b). Most of the patients (83.1%) experienced a ≥50% UI reduction after the first 
treatment and the mean percent reduction in UI remained consistent in subsequent 
treatments in these groups. However, in those in the low initial response (<50%) one third 
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achieved ≥50% UI reduction in all subsequent treatments. Therefore, as a practical 
message, a low UI reduction after first treatment does not necessarily predict low 
response after subsequent treatments.  
 
Real-life studies assessed the persistence of NDO patients in a long-term treatment 
program with botulinum toxin injection. The time between injections of abobotA 500-
1000 U remained constant after 8 years of repeated injections in a cohort of 199 SCI 
patients in a retrospective analysis (Del Popolo et al., 2008). Other parameters including 
urodynamic improvements, patient satisfaction with treatment, and number of pads or 
other protective devices were also constant over time. Intervals >12 months were 
observed in 19.5% of the patients, ranged between 10-12 months in 40.2%, were < 10 
months in 30.5% and < 6 months in 10%. 
 
Three studies (Baron et al., 2019; Dominique et al., 2020; Hebert et al., 2020) followed a 
total of 375 patients for 10 years in real life conditions and suggest that around 50% of 
the patients will abandon the BoNT/A program. Elderly patients, above >50 years, have a 
higher discontinuation rate than younger, < 50 patients (Hebert et al., 2020). The most 
common cause of discontinuation is treatment failure, either primary or secondary, caused 
by the appearance of AE or progression of the neurological disease (Baron et al., 2019). 
This latter explanation is particularly relevant for in MS patients. The worsening of the 
motor capacities will confine a relevant number of MS patients to a wheelchair or a bed. 
Under these circumstances patients might prefer other methods for urine containment. 
This particular group of MS patients was never well investigated as wheelchair or bed 
bound cases were excluded from large phase III trials. In addition, a relative number of 
SCI patients may opt for bladder augmentation or urinary diversion. 
 
5.5.6. AE after BoNT/A injection 
 
The most common AE related to bladder injection of BoNT/A are UTI and urinary 
retention requiring CIC. In studies with a SCI population performing CIC at baseline, 
the pooled data of the two larger phase III trials showed that the incidence of UTI or 
bacteriuria was similar, around 50%, across placebo, onabotA 200 U and 300 U 
treated patients (Cruz et al., 2011; Ginsberg et al., 2013a; Ginsberg et al., 2012). A 
low incidence of UTI was also observed in an abobotA phase IIa study that enrolled 
only SCI patients (Denys et al., 2017a), and across the three groups of two recent 
large clinical trials, which applied abobotA, 600 U and 800 U or saline (Kennelly et 
al., 2022). 
 
The rate of UTI was highest in the onabotA 300 U arm in an MS population voiding 
spontaneously before treatment (saline 32%, 200 U: 58.5%, 300 U: 70%) (Cruz et al., 
2011), it was similar, around 50%, after 200 and 300 U onabotA in the other study of 
the (Ginsberg et al., 2012). However, both studies had only very few patients with 
complicated UTI. The incidence of UTI was directly correlated with the dose-
dependent increase of PVR and need for de novo CIC. In MS patients not 
catheterizing at baseline, an incidence of CIC of 12.2%, 29.5% and 42.2% was found 
after saline, after 200 U and after 300 U onabotA, respectively (Cruz et al., 2011). In a 
similar population of MS patients, others reported an incidence of de novo CIC of 
10%, 35% and 42% after placebo and 200 U and 300 U onabotA, respectively 
(Ginsberg et al., 2012). The requirement for CIC was after administration of onabotA 
200 U was >36 weeks in about half of the MS patients (Ginsberg et al., 2013a). In 
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long-term studies with NDO patients the most common AE were also UTI and urinary 
retention. Eventually influenced by patient selection, de novo CIC rates in long-term 
studies with MS patients decreased progressively as treatments were repeated 
(Kennelly et al., 2017). A lower dose of the toxin may substantially decrease the risk 
of urinary retention and de novo CIC in MS patients not requiring catheterization 
before treatment: applying 100 U of onabotA in MS patients not catheterizing at 
baseline led to novo CIC (15.2%) and UTI (25.8%) only about half as often as 
observed with 200 U of toxin injections (Tullman et al., 2018). 
 
A thorough investigation showed that formation of toxin-neutralizing antibodies 
against OnabotA was a rare event in large NDO phase III trials (Cruz et al., 2011; 
Ginsberg et al., 2012). During long-term extension of these trials, among 388 NDO 
patients only 1 patient developed antibodies against OnabotA (Kennelly et al., 2013). 
The overall incidence of toxin neutralizing antibody formation in large OAB trials 
was 0.4% (Nitti et al., 2016). In children treated with AbobotA increment of 
antibodies against abobotA was shown to be a rare and transient event that was not 
boost by repeated injections (Kajbafzadeh et al., 2010). 
 
Transient muscle weakness has been reported in some studies with NDO patients.  
After abobotA application anecdotal generalized muscular weakness was reported 
(Wyndaele and Van Dromme, 2002). Two studies with a total of 243 NDO patients 
reported 8 cases of hypostenia after abobotA 1000 U injection (Akbar et al., 2007; Del 
Popolo et al., 2008). In a phase IIa RCT with abobotA 750 U, 3 cases of muscle 
weakness episodes were reported in two tetraplegic and one paraplegic patient among 
15 NDO patients who received the toxin in 15 injection sites (Denys et al., 2017a).  
Among 183 patients treated with onabotA 200 U or 300 U 1 case of muscular 
weakness in an SCI patient treated with onabotA 300 U was reported (Cruz et al., 
2011). The reason for the seemingly fewer cases of transient muscle weakness among 
patients NDO treated with onabotA is unclear but might be related with an incorrect 
ratio conversion and/or to the larger size of the onabotA molecule which limits its 
diffusion. Anyway, the recent data of the abobotA 600 U and 800 U trials in NDO 
patients did not report cases of generalized weakness (Kennelly et al., 2022). 
 
Episodes autonomic dysreflexia in SCI patients during injection were rare. One study 
reported 2 cases in 183 injected patients (Cruz et al., 2011) and another 7 events in 
167 injected patients (Ginsberg et al., 2012), a third reported 1 case in more than 500 
patients treated (Kennelly et al., 2022). 
 
Repeated BoNT/A injections (onabotA or abobotA) do not cause detrusor atrophy or 
bladder wall fibrosis. Decrease of bladder compliance would be expected if fibrosis 
would develop, but this was not observed upon repeated injections in NDO patients in the 
short to medium term (Del Popolo et al., 2008; Reitz et al., 2007). Moreover, 
inflammatory changes, fibrosis, or dysplasia were not observed upon histological 
inspection of injected bladders after repeated treatments and independently of the 
neurogenic or non-neurogenic origin of the DO (Apostolidis et al., 2008; Compérat et al., 
2006; Haferkamp et al., 2004). 
 
5.5.7. BoNT/A in NDO children 
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Studies with BoNT/A in children were essentially restricted to those with 
myelomeningocele (Altaweel et al., 2006; Austin et al., 2021; Kajbafzadeh et al., 
2006; Riccabona et al., 2004; Schulte-Baukloh et al., 2002; Schulte-Baukloh et al., 
2003). The pediatric dose of BONT/A should be calculated based on body weight. 
OnabotA doses of 4-12 U/kg body weight have been used up to a maximum of 300 U 
(Schulte-Baukloh et al., 2002). The maximum dose suggested for abobotA is 20 U/kg 
up to a maximum of 400 U (Akbar et al., 2007; Altaweel et al., 2006). 
 
The largest presently available multicenter RCT has investigated three onabotA doses of 
50, 100, or 200 U not exceeding 6 U/kg for an observation period of 48 weeks in 113 
children (5–17 years) with NDO due to myelomeningocele, transverse myelitis or SCI 
insufficiently benefitting from muscarinic antagonists (Austin et al., 2021). The toxin was 
administered by 20 intra-detrusor injections of 0.5 mL excluding the trigone, under 
general anesthesia/conscious sedation or instillation of local anesthetic (for children 
>12 years). Injections were performed under prophylactic antibiotic. The primary 
endpoint was the change from baseline in daytime UI episodes (Figure 10). Similar 
improvements were observed in the 3 dose groups and amount to -1.3 UI episodes per day 
at week 6 after treatment. As secondary endpoints, increases in urine volume at first 
morning CIC (50 U, 21.9 mL; 100 U, 34.9 mL; 200 U, 87.5 mL;) and decreases in 
maximum detrusor pressure (50 U, −12.9; 100 U, −20.1; 200 U, −27.3 cm H2O) favored 
200 U. The proportion of patients experiencing involuntary detrusor contractions at week 
6 declined to 61.8%, 44.7% and 46.4% with 50, 100 and 200 U, respectively, also favored 
the highest dose. Time to request a new treatment raged between 24 and 30 weeks among 
the three groups. Although the improvement of UI was similar for the three doses the 
urodynamic changes seem to suggest that the highest dose, 200 U without exceeding 6 
U/kg should be preferred (Austin et al., 2021).  
 
In a small study 19/26 children (73%) with a mean age of 6.9 years, became completely 
dry between CIC (Kajbafzadeh et al., 2006). Interestingly vesicoureteral reflux, when 
present, disappeared or decreased in grade. However, the success rate for achieving 
continence and cessation of anticholinergic medication may be substantially less in 
patients with irreversible bladder wall changes associated with longstanding DO 
(Altaweel et al., 2006). 
 
The electromotive administration of abobotA (10 U/kg) instilled in the bladder was found 
to be effective and safe in 15 children with myelomeningocele. Substantial reductions in 
mean volume to reflex voiding (99 ± 35 mL to 216 ± 35 mL) and in maximal detrusor 
pressure decreased (75 ± 16 cm H2O to 39 ± 10 cm H2O) and increases in maximal 
bladder capacity (121 ±39 mL to 262 ± 41 mL) were observed; incontinence improved in 
12 patients (80%) (Kajbafzadeh et al., 2011). 
 
A systematic review of 13 studies including a total of 368 children receiving BoNT/A 
for NDO noted that none of them had a placebo or other comparator arm (Mangera et 
al., 2014). The only consistently reported parameter were mean cystometric bladder 
capacity and mean detrusor pressure, which decreased by 42-59%. 
 
A small, RCT compared abobotA administration 10 U/kg in 20 ml using electromotive 
administration or a classical injection protocol in 14 and 12 children with 
myelomeningocele (Ladi-Seyedian et al., 2020). At 6 and 12 months the dry rate between 
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intermittent catheterizations were 85.7% and 78.5%, respectively, higher than in the 
classical protocol group (66.6% and 50%). 
 
5.5.8. Direct comparisons 
 
A retrospective case-control study investigated the clinical and urodynamic outcomes in 
211 NDO patients treated in three consecutives eras with onabotA, including 80 patients 
receiving 300 U in 2004-2006, 78 patients receiving abobotA 750 U in 2007-2011, and 53 
patients receiving onabotA 200 U in 2011-2014 (Peyronnet et al., 2017). Patients treated 
with onabotA 300 U or abobotA 750 U had a higher success rate compared to those who 
received onabotA 200 U (65.0% and 65.4% vs. 41.5%). A trend for longer intervals 
between the first and second injection with onabotA 300 U as compared to abobotA 750 
U was noted (12.4 vs. 9.3 months).  
 
A randomized, double-blind, non-inferiority study compared incobotA vs. onabotA 
detrusor injections in patients with NDO due to SCI or MS performing CIC (Giannantoni 
et al., 2021). A total 28 patients received incobotA 200 U and 29 onabotA 100 U in 30 
injection sites. No difference in the number of daily incontinence episodes between the 
two groups was observed after 12 weeks. Similarly, the total score of I- QoL 
questionnaire, Visual Analog Scale Scores and urodynamics as well as AE incidence 
were similar for both treatments. 
 
Switch between brands at present is being explored on empiric grounds. In particular, the 
lack of effect of a treatment with a particular brand should not be seen as a compulsory 
reason for switching to another brand. A sub-analysis of the NDO patients included in the 
onabotA pivotal studies who experienced <50% reduction in urinary incontinence 
episodes following the first onabotA treatment, about 1/3 had a positive response in 
subsequent injections (Denys et al., 2017b).  
 
The switch may eventually work whatever is the first toxin administered. Charts of 58 
NDO patients who received either onabotA or abobotA for the management of NDO were 
compared (Peyronnet et al., 2015).While the toxin was switched in 29 patients, the other 
29 patients received a reinjection of the same toxin at the same dose. The success rate was 
higher in patients who switched toxin (51.7% vs 24.1%). Interestingly, this was similarly 
observed whether patients switched from abobotA to onabotA or from anabotA to 
abobotA (success rate 52.9% vs 50%). 
 
One study compared responses to oxybutynin 5 mg t.i.d. or onabotA 300 U in 78 SCI 
patients who were under CIC in the last 12 months (Ferreira et al., 2018).  Urinary 
incontinence which was around 8 episodes per day in both groups at baseline, decreased 
to 5±2 and 3±1 at the end of treatment in the oxybutynin and onabotA groups, 
respectively. Also, oxybutynin, in contrast to toxin, did not reduce maximal detrusor 
pressure to levels below 40 cm H20, indicating an inferior capacity of the antimuscarinic 
to protect the upper urinary tract. 
 
5.5.9. BoNT/A in the external urethral sphincter  
 
Patients with external sphincter dyssynergia are frequently put on a program of CIC to 
empty their bladder. However, some might have difficulty in performing the 
manoeuvre. An alternative can be to weaken the urethral sphincter to facilitate 
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voiding. An early study reported the effect of BoNT/A injection into the 
rhabdosphincter of 10 neurogenic patients with voiding dysfunction (Dykstra et al., 
1988). The urethral pressure profile and PVR decreased an average of 27 cm H2O and 
146 mL, respectively, in 8 patients with an effect duration of 50 days. A later 
retrospective chart review of 68 patients that received 100 to 200 U of onabotA in 4 
mL divided in equal doses into the four quadrants of the external sphincter reported 
improved detrusor sphincter dyssynergia with decreased PVR and improved flow 
(Smith et al., 2005). Patients reported. Catheterization to treat urinary retention was 
required in 41 patients at baseline and only in 7 after onabotA injection. PVR 
decreased from 240 mL to 88 mL and maximal voiding pressure decreased from 81 to 
52 cm H2O. Cases of SUI were rare. Similar results were reported in children (Franco 
et al., 2007). A Cochrane review concluded that all available studies were small, of 
limited quality, and carrying a high risk of bias (Utomo et al., 2014). Therefore, the 
evidence of that intraurethral BoNT/A injections improve some urodynamic measures 
after 30 days in patients with functional bladder outlet obstruction and neurogenic 
bladder dysfunction should be interpreted with caution. The necessity of reinjection at 
very short interval (around 3 months) was found to be a drawback. After this review, 
a retrospective study of 42 neurogenic and 53 non-neurogenic (detrusor underactivity) 
patients with voiding dysfunction injected with 100 U onabotA into the urethral 
sphincter was reported (Jiang et al., 2018). Satisfactory outcomes were reported in 58 
(61.1%) patients. However less than half of the patients catheterized or doing CIC 
could void freely, and 6 cases developed SUI. The only factor associated with a 
successful outcome was an open bladder neck during video-urodynamic at voiding. 
The effect duration was longer in patients with non-neurogenic voiding dysfunction 
than those with neurogenic voiding dysfunction (9.55 ± 4.18 vs 7.44 ± 2.91 months).  
 
6. Drug to treat UAB 
 
The symptom diagnosis of UAB and the urodynamic diagnosis of detrusor 
underactivity (DU) describe states with a complex pathophysiology and clinical 
presentation. UAB and DU had been poorly defined in the past (Chapple et al., 2015), 
but progress towards a consensus has evolved recently (Smith et al., 2020). The 
identification of UAB and DU has become even more complex by the recognition that 
underactive and overactive bladder can coexist, with and without DO and DU 
(Mancini et al., 2020). Moreover, UAB can coexist with SUI (Shapiro et al., 2020). 
Two recent systematic reviews in the field concluded that clinical studies in the field 
are largely of poor quality (Colaco et al., 2018; Osman et al., 2018). 
 
UAB is characterized by a slow urinary stream, hesitancy, and straining to void, with 
or without a feeling of incomplete bladder emptying sometimes with storage 
symptoms (Drake, 2018). The ICS has defined DU as a contraction of reduced 
strength and/or duration, resulting in prolonged bladder emptying and/or a failure to 
achieve complete bladder emptying within a normal time span (Abrams et al., 2002). 
While this remains the only generally accepted definition (Osman et al., 2018), it does 
not provide quantitative guidance. Some authors have proposed more quantitative 
definitions such as a detrusor pressure at maximum flow (PdetQmax) of <30 mm H2O, a 
Qmax of <12 mL/sec, a bladder contractility index (PdetQmax + 5 Qmax) of <100, and a 
BOO index (PdetQmax – 2Qmax) of <20, and a Qmax of <12 mL/sec to be indicative of 
DU (Dan et al., 2020), but there is no generally accepted quantitative definition of 
DU; rather, it has been proposed to apply context-sensitive definitions that also 
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consider possible difference by age and/or gender (Smith et al., 2020). The ICS 
defines an acontractile bladder as a detrusor that cannot contract during urodynamic 
studies resulting in prolonged bladder emptying within a normal time span (Haylen et 
al., 2010); it has been argued that this is a unique phenomenon that should be 
separated from DU (Colaco et al., 2018).  
 
The uncertainty and controversy on the definitions of UAB, DU and acontractile 
bladder has obvious consequences for studies on the prevalence, pathophysiology, and 
treatment of the condition and also on the validation of animal models thereof. 
Therefore, it is not surprising that robust knowledge on the pathophysiology of UAB 
and DU are missing (Osman et al., 2018). Some studies report a prevalence of UAB 
and/or DU in the range of about 20% (Hartigan et al., 2019; Yamany et al., 2019). 
However, these data are difficult to interpret because for instance a self-reported 
difficulty to urinate could result from both UAB or BOO. 
 
6.1. Etiology, pathophysiology, and animal models 
 
The main etiological factors of UAB and DU are aging, (long-standing and/or severe) 
diabetes mellitus, BOO and various neurogenic disorders including injury to the 
spinal cord, cauda equina and peripheral nerves (Aizawa and Igawa, 2017; Vale et al., 
2019). Some authors classify UAB occurring in the context of physiological aging 
and that occurring in younger subjects without an identifiable cause as idiopathic 
(Santos-Pereira and Charrua, 2020). Aging is an informative example that a potential 
cause of UAB may also often have little effect or lead to OAB. Thus, advanced aged 
is considered as a frequent cause of UAB (Santos-Pereira and Charrua, 2020; Vale et 
al., 2019), but also a risk factor of OAB (Irwin et al., 2006). Moreover, effects of age 
may manifest differently depending on associated pathologies; for instance, a 
decreased contractile responsiveness of human detrusor biopsies with age was 
observed with concomitant BOO or neurogenic voiding dysfunction, but not in 
biopsies of otherwise healthy individuals (Fry et al., 2011). Similar experiments with 
rat (Schneider et al., 2005b) and human isolated bladder strips (Schneider et al., 2011) 
confirm the absence of major effects of age on the contractility of normal bladder. On 
the other hand, clinically observed bladder dysfunction in patients with Parkinson’s 
disease was not associated with age upon multivariate analysis (Sammour et al., 
2009). 
 
At the cellular and tissue level, contributing factors can be classified into myogenic 
failure and dysfunction of efferent (motor) nerves, afferent nerves and brain and 
spinal cord (Aizawa and Igawa, 2017); of note, these factors are not mutually 
exclusive and can coexist. While most of our knowledge on these factors comes from 
animal models, factors such as bladder smooth muscle dysfunction (Fry et al., 2011) 
or afferent nerve dysfunction (Smith et al., 2015) have also been observed in patients. 
Similarly, duration of BOO is relevant for the probability to observe OAB or signs of 
DU in animal models (see below) and, although based on more limited data, also in 
patients (Bosch et al., 2019). Thus, OAB and UAB may not only coexist but may 
represent different stages of bladder dysfunction with a given underlying pathology 
(Nomiya et al., 2014). Functional neuroimaging studies in humans are beginning to 
provide insight on central nervous alterations in patients with neurogenic voiding 
dysfunction (Khavari and Boone, 2019). Recent studies also raise the possibility that, 
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similar to other bladder pathologies, the urothelium could also play a relevant role in 
UAB/DU (Osman et al., 2018). 
 
Animal models of UAB and DU have been selected based on the assumed etiologies 
(Aizawa and Igawa, 2017), which inherently may lead to circular reasoning on the 
pathophysiology of UAB and DU. Aging based models have been reported for rats 
and mice. A frequent limitation is that rodents should be more than 24 months and at 
least 18 months old to resemble elderly humans, and generating such animals is 
resource intensive. Aged animals have shown features such as impaired contractile 
responses in isolated detrusor strips and increased collagen disposition (Ito et al., 
2015), increased residual urine and decreased voiding efficiency (Ito et al., 2016b), 
shifted pressure-volume relationships and diminished afferent nerve sensitivity 
(Coelho et al., 2019; Hotta et al., 1995) and a diminished ability to respond to bladder 
filling with cyclic voiding (Smith et al., 2012). 
 
Various animal models of diabetes exhibit UAB (Daneshgari et al., 2009a; 
Daneshgari et al., 2009b). A complication of all models with a more severe diabetic 
phenotype is glucose-induced polyuria that occurs if blood glucose levels exceed the 
renal reabsorption threshold of about of 9-10 mM; they are typically accompanied by 
an enlargement of the bladder with an increased bladder capacity that does not 
necessarily reflect UAB (Arioglu Inan et al., 2018; Ellenbroek et al., 2018). A second 
complication is that diabetes models can exhibit both overactive and underactive 
bladder, with overactivity typically occurring in early and underactivity mostly in 
later stages of diabetes. Similar to the clinical situation (Mancini et al., 2020), signs of 
OAB and UAB can coexist in animal models of diabetes, for instance in the 
streptozotocin-induced model of type 1 diabetes where an increased residual urine and 
spontaneous bladder contractions have been observed concomitantly (Christ et al., 
2006). Nonetheless, streptozotocin injection remains the most frequently used animal 
model of diabetes (Ellenbroek et al., 2018). Goto-Kakizaki rats have been reported to 
exhibit features of UAB such as reduced voiding pressure, and this was accompanied 
by a slower conduction velocity of afferent nerves (Aizawa et al., 2013). However, 
this model also confirms the complexity of studying UAB and DU as in one study 
residual volume was increased but the contractile responses in isolated detrusor strips 
were increased (Saito et al., 2008). Zucker diabetic fatty rats exhibited concomitant 
increases in residual volume and decreases in maximum detrusor contraction velocity 
(Tatemichi et al., 2015).  
 
Similar to many, but not all animal models of diabetes (Ellenbroek et al., 2018), 
animal models of BOO typically exhibit a major enlargement of the urinary bladder. 
A key difference between bladder enlargement in the two pathophysiologies is that 
BOO is accompanied by bladder fibrosis (Choi et al., 2020), whereas at least in type 1 
diabetes model bladder collagen content is reduced (Xiao et al., 2013). The bladder 
enlargement in BOO is accompanied by a partial denervation of the bladder, which 
can be observed even within few days of BOO induction (Barendrecht et al., 2007a). 
Rodent models of BOO typically exhibit a decreased MVV and an increased voiding 
frequency and residual urine (Hashimoto et al., 2005). Bladders from BOO animals 
also exhibit an increased collagen disposition, which is accompanied by a greater 
fraction of smooth muscle cells exhibiting a synthetic phenotype (Matsumoto et al., 
2003). However, BOO particularly when examined at early time points after induction 
of obstruction may exhibit features of OAB such as increased force of contraction 
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(Zeng et al., 2012); contractile responses of isolated detrusor strips have been found to 
be reduced in some (Barendrecht et al., 2007a; Schröder et al., 2001), but not other 
BOO models (Barendrecht et al., 2009; Matsumoto et al., 2009). 
 
Based on the multitude of specific causes of neurogenic voiding dysfunction, animal 
models of UAB based on neurogenic causes are very heterogeneous. As partial 
denervation of the bladder also is a typical feature of long-standing diabetes (Blaha et 
al., 2016), animal models of diabetes can also be seen as those of neurogenic voiding 
dysfunction under some conditions. Examples of other models include SCI (De Groat 
and Yoshimura, 2010; Salazar et al., 2019), bilateral pelvic nerve injury (Hannan et 
al., 2017), crush injury to nerve bundles from the major pelvic ganglion (Kim et al., 
2013), ventral root avulsion injury (Chang and Havton, 2016), and cryoinjury to the 
serosal side of the organ (Somogyi et al., 2002). Similar to models based on aging, 
diabetes or BOO, the neurogenic models can exhibit features such as decreased 
afferent nerve function (De Groat and Yoshimura, 2010) and muscle contractility 
(Kim et al., 2013) or fibrosis (Hannan et al., 2017), but also features incompatible 
with pure UAB in some cases, for instance increased contractility of isolated detrusor 
strips (Hannan et al., 2017).  
 
In conclusion, the animal models are as diverse as are the etiologies of UAB/DU. 
Whether they indeed reflect UAB/DU often depends on specific aspects such as age 
of the animal or duration of pathology such as diabetes or BOO. In some cases, they 
concomitantly exhibit features more often associated with OAB. This requires careful 
consideration of specific aspects of the animal model at hand to determine its 
translational value for studying phenomena relevant to patients.  
 
6.2. Diagnosis and Treatment 
 
A recent systematic review concluded that the quality of clinical data on UAB is 
limited (Osman et al., 2018). No validated symptom scores exist for the diagnosis of 
UAB (Yamany et al., 2019). While noninvasive measurements such as flow rate, 
residual urine and emptying efficiency can be useful in the screening for patients with 
UAB as a cause for their complaints, a clear diagnosis cannot be made without 
urodynamic assessment to determine factors such as bladder sensation, detrusor 
pressure or voiding efficiency (Osman et al., 2018). While more studies have become 
available in recent years, more accurate and practical criteria for the diagnosis of 
UAB remain to be established. 
 
Particularly in patients with large residual urine, CIC is a therapeutic approach in 
UAB with the primary aim to prevent damage to the upper urinary tract and the 
secondary aim to prevent overflow incontinence (Bayrak and Dmochowski, 2019; 
Cho and Kim, 2020; Hartigan et al., 2019; Shapiro et al., 2020; Yamany et al., 2019). 
Behavioral modification may be useful in patients with impaired bladder sensation 
who do not sense bladder distension (Yamany et al., 2019).  Animal studies suggest 
that caloric restriction may at least partly prevent the development of UAB with age 
(Ito et al., 2015; Ito et al., 2016b). 
 
While antagonism of muscarinic receptors has been the mainstay of OAB treatment 
for decades, efforts to treat UAB have focused on the opposite, i.e., providing greater 
stimulation of such receptors by direct agonists such as bethanechol or indirect 
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parasympathomimetics such as distigmine. While parasympathomimetics yielded 
promising results in animal models (Hashimoto et al., 2005; Obara and Tanaka, 2020; 
Tatemichi et al., 2015), clinical studies have not provided consistent support for their 
use but have highlighted potential risks associated with such treatments (Barendrecht 
et al., 2007b; Bayrak and Dmochowski, 2019; Cho and Kim, 2020; Moro et al., 2022; 
Smith et al., 2014). Therefore, muscarinic agonists are no longer recommended for the 
treatment of UAB. 
 
Another approach to increase detrusor contraction is (intravesical) administration of 
PGE2 (Smith et al., 2014). This has largely been studied in patients with post-
operative AUR and has yielded mixed results. Data on chronic use in UAB are largely 
missing (Bayrak and Dmochowski, 2019; Yamany et al., 2019) and are insufficient to 
recommend their use (Yamany et al., 2019). Specific agonists acting on EP2 and EP3 
receptors are currently explored in animal models but have not been tested in clinical 
studies. 
 
Acotiamide is an approved prokinetic agent in the gastro-intestinal tract and has 
shown promise in animal models (Singh et al., 2020). Limited, open-label clinical 
studies in UAB patients showed that it was well tolerated and exhibited promising 
efficacy (Bayrak and Dmochowski, 2019). Stem cell and gene therapy-based 
approaches are currently under investigation (Hartigan et al., 2019; Osman et al., 
2018; Yamany et al., 2019).  
 
Based on their role in the bladder neck and urethra, α-blockers could potentially be 
used to reduce bladder outlet resistance and thereby facility voiding particularly if 
detrusor contractions are weak. While attractive as a concept, only very limited 
clinical data is available to support this concept and adequately powered, placebo-
controlled, randomized, double-blind trials are missing. Therefore, α-blockers are not 
recommended due to a lack of sufficient supporting evidence (Bayrak and 
Dmochowski, 2019; Yamany et al., 2019). Accordingly, it has generally been 
concluded that existing pharmacological treatment options are insufficiently effective 
and/or have too limited data to be recommended (Ladi-Seyedian et al., 2018), 
 
Sacral neuromodulation may have a place in women with non-obstructive urinary 
retention (Fowlers syndrome), but its value in UAB in general remains unclear 
(Bayrak and Dmochowski, 2019; Shapiro et al., 2020; Smith et al., 2014; Yamany et 
al., 2019). Transcutaneous or intravesical stimulation has been reported to be 
successful in some patients but the available evidence is too limited for a 
recommendation. In men with BOO and UAB, surgical removal of the obstruction has 
largely restored voiding function even if BOO had existed for a long time 
(Dobberfuhl et al., 2019). 
 
In conclusion, UAB/DU is a condition that appears to be frequent. Treatment 
modalities proven to be effective and safe in randomized studies are largely missing. 
Further experimental and clinical research in this area is urgently needed but is 
hampered by diverse underlying pathologies and unclear definitions (Smith et al., 
2014). 
 
7. Drugs to treat SUI 
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This section will primarily focus on SUI in women; the more limited data on male 
SUI, which may at least partly have a different pathophysiology, will be discussed in 
subsection 7.7. The pathogenesis of SUI in women includes any of the following 
factors: compromised urethral function, damage to urethrovaginal support, and 
increased abdominal pressure that puts above normal demands on the continence 
system. In the Research on Stress Urinary Incontinence (ROSE) study, maximal 
urethral closure pressure was the factor most strongly associated with SUI (DeLancey 
et al., 2008). The loss of sphincteric function and the resultant decreased urethral 
closure pressure can be increased to achieve continence through a variety of 
pharmacologic pathways (Hillary et al., 2015). 
 
Several factors may contribute to urethral closure include the tone of urethral smooth 
and striated muscle and the passive properties of the urethral lamina propria, 
particularly its vasculature. While their relative contribution remains debatable, a 
substantial part of urethral tone is mediated through stimulation of α-ARs in the 
urethral smooth muscle by noradrenaline (Andersson and Wein, 2004). Another 
contributing factor to SUI in postmenopausal women is decreased mucosal function 
(mucosal seal mechanism) from low estrogen levels. The pharmacological treatment 
of SUI increases urethral smooth and striated muscle tone either directly or indirectly.  
The drugs studied in the treatment of female SUI include α-AR agonists, β-AR 
antagonists and agonists, and serotonin-noradrenaline uptake inhibitors; however, the 
relative lack of efficacy and/or AE from these drugs have limited their clinical use. 
 

7.1. α-AR agonists 
 
Several peripherally acting α-AR agonists have been tested for the treatment of SUI. 
The endogenous agonist noradrenaline acts on the α1-AR receptors in the human 
bladder neck (Michel and Vrydag, 2006). Additionally, noradrenaline has been shown 
to act centrally by increasing the excitability of the urethral rhabdosphincter within 
Onuf’s nucleus, an effect due to α1-AR dependent depolarization (Yashiro et al., 
2010). This central action by noradrenaline appears to be part of the mechanism by 
which SUI is improved with noradrenaline reuptake inhibitors.  Norephedrine (a.k.a. 
phenylpropanolamine) has been the α-AR agonist used most widely for SUI 
treatment. The United States Agency for Healthcare Policy and Research Guidelines 
in 1992 evaluated 8 RCT with norephedrine at a dose of 50 mg b.i.d. for female SUI, 
and they updated this evaluation in 1996 (Fantl et al., 1996b). Dry rates with 
norephedrine were listed as 9-14%, urinary incontinence reductions were 19-60%, 
AEs were 5-33%, and dropouts were 0-4%. The most recent Cochrane review on α-
AR agonists in the treatment of female SUI identified 22 RCT, including 11 crossover 
trials, and 673 treated women (norephedrine 11 trials, midodrine 2 trials, and 
noradrenaline 3 trials) (Alhasso et al., 2004). The authors concluded, “there was weak 
evidence to suggest that use of an adrenergic agonist was better than placebo in 
reducing the number of SUI episodes”. Furthermore, over 25% of the subjects 
reported AE with α-AR agonists; however, when these were due to AR stimulation, 
they caused discontinuation in only 4% of the subjects. 
   
Ephedrine and norephedrine lack selectivity for urethral as compared to e.g., 
cardiovascular or central nervous α-AR. Accordingly, they can increase blood 
pressure and cause sleep disturbances, headache, tremor, and palpitations. Use of 
norephedrine as an appetite suppressant increased the risk of hemorrhagic stroke 16 
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times in women <50 years of age (CI 1.51 to 182.21); use of norephedrine for less 
than 24 h as a cold remedy numerically increased the hemorrhagic stroke risk 3 times 
but with a wide CI (0.86 to 11.46) (Kernan et al., 2000). Although 
phenylpropanolamine was removed from the market in the US, it is still used as a SUI 
treatment in a few countries. It has been suggested that the sale of ephedra alkaloids 
as a dietary supplement should be restricted or banned based on numerous case 
reports of AE (Bent et al., 2003). The US Food and Drug Administration decreed such 
a ban in December 2003. A recent systematic review and network meta-analysis 
(commissioned by the US AHRQ) of clinical outcomes in women with SUI treated 
with pharmacotherapy (32 RCT) concluded that the cure rates with α-AR agonists did 
not differ from that with no treatment (Balk et al., 2019). They also found that 
behavioral therapy was more effective than α-AR agonists (OR, 2.50 [CI, 1.39; 4.50]).  
Thus, the effectiveness of α-AR agonists as treatment for SUI in women is moderate 
at best, and its clinical usefulness remains limited by cardiovascular AE. 
 
Several companies have attempted to develop α-AR agonists with selectivity for the 
human urethra, for instance by generating agonists with selectivity for α1A/1L-AR. The 
peripherally active, selective α1A/1L-AR partial agonist Ro 115-1240 exhibited 
promising findings in animal models (Blue et al., 2004). In a phase II study in 37 
women with mild to moderate SUI, use of the drug for 4 weeks reduced the number of 
weekly SUI episodes compared to placebo (8.4 vs 6.0) (Musselman et al., 2004); 
however, despite no difference in blood pressure in the patients given the drug, the 
drug was not efficacious in subsequent SUI trials. Subsequently, another partial α1A-
AR agonist, PF-3774076, increased peak urethral pressure in female dogs; while it 
exhibited some selectivity for the urethral response, drug-induced heart rate and blood 
pressure elevations caused concern (Conlon et al., 2009). The α2-AR agonist 
medetomidine inhibited glutamate release in the spinal cord of female SCI rats 
(Furuta et al., 2009). In addition, it potentiated the effects of serotonin/noradrenaline 
reuptake inhibitors on the external urethral sphincter, indicating that α2-AR 
antagonists had potential as a treatment for SUI; however, this awaits further testing 
in humans. Finally, a placebo-controlled phase II study evaluated PSD503, a topical 
gel containing phenylephrine 20% applied vaginally near the urethral sphincter in 
women with SUI (Robinson et al., 2011). From a target sample size of 30 patients, 
only 14 were recruited. The median absolute reduction in pad weight gain was greater 
with the phenylephrine gel than with placebo (22 g vs. 10 g); AE were not observed. 
While the efficacy data of PSD503 looked promising, the poor recruitment for study 
participation suggests that this treatment modality may not be widely accepted by 
women with SUI.   
 
In summary, it remains to be determined whether full or partial α-AR agonists can 
increase urethral tone to a level where patient benefit and long-term compliance can 
be achieved in the absence of relevant cardiovascular AE. Furthermore, none of the α-
AR agonist trials reported on whether women who benefitted from treatment 
continued after the trial period. There is no biological reason to suggest that the 
desired effect in treating SUI would persist after stopping treatment. Finally, as α1A-
AR apparently also mediate intra-renal vasoconstriction (Fetscher et al., 2001), 
chronic use of agonists for this receptor may impair renal function. 
 
7.2. β-AR agonists 
 

has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 14 March 2023 as DOI 10.1124/pharmrev.121.000523 This article

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 117

Although β-AR stimulation decreases urethral pressure (Andersson, 1993), β2-AR 
agonists have contracted some fast-twitch striated muscle fibers and suppressed that 
of slow-twitch fibers (Fellenius et al., 1980). Some β-AR agonists cause skeletal 
muscle hypertrophy, more so in fast than slow twitch fibers (Kim and Sainz, 1992). 
Clenbuterol, a selective β2-AR agonist, potentiated the field stimulation induced 
contraction in rabbit isolated periurethral muscle preparations (Kishimoto et al., 
1991). Propranolol suppressed the action of clenbuterol, and the potentiation produced 
by clenbuterol was greater than that of isoprenaline. In a follow-up study, clenbuterol 
increased urethral pressure, leading to speculation on its potential to become a 
treatment for SUI. Sphincteric fatigue was produced by electrically stimulating the 
pudendal nerves of female dogs at 15 V and 20 Hz for 30-40 minutes (Yamanishi et 
al., 1994). Clenbuterol, given to 17 dogs with sphincteric fatigue, increased the 
contracting pressure, and propranolol abolished the effect. Clenbuterol had no effect 
in 9 dogs with non-fatigued urethral sphincters. These results suggest that clenbuterol 
act on fast-contracting fibers in the urethral sphincter.    
 
Based on these data, clenbuterol or placebo were given to 165 women with SUI for 
two weeks in a multicenter, double blind RCT (Yasuda et al., 1993). Women were 
included if they had 1-2 leaks/day over 3 days and if the urine loss was 2 g or more on 
a pad test. Compared to placebo, clenbuterol reduced the subjective evaluation of SUI 
frequency, daily pad usage, and overall global assessment. Yet, the difference in 
baseline pad weights (11.7 ± 17.9 g for clenbuterol and 18.3 ± 29.0 g for placebo) 
raises questions about the comparability of the 2 groups. Also, women receiving 
clenbuterol saw an increase in maximum urethral closing pressure of only 3.3 cm H2O 
(from 46.0 ± 18.2 cm H2O to 49.3 ± 19.1 cm H2O). In those receiving clenbuterol, 
finger tremors were seen in 8/82 (9.8%), and tachycardia was seen in 2/82 (2.4%). 
Another study randomized 61 women with SUI (half with <5 stress leaks/week) to 
receive either clenbuterol 20 µg b.i.d., pelvic floor exercises, or both over 12 weeks 
(Ishiko et al., 2000). No SUI (dry rate) was seen in 76.9% who received clenbuterol (n 
= 13), 52.6% who did exercises (n = 19), and 89.5% who did both (n = 19). Mild AE 
during treatment were reported in 5 patients (numbness and tremor), but none of them 
were severe enough to discontinue treatment. We have not identified subsequent 
reports on the treatment of female SUI with clenbuterol or any β-AR agonist. Larger, 
well-designed, RCTs are needed to adequately assess the potential of β-AR agonists 
as a treatment for SUI. 
 
7.3. β-AR antagonists 
 
Possibly, β-AR antagonists could reduce the relaxation component of endogenous 
noradrenaline and shift the net response to stimulation of urethral α-AR, thereby 
having potential for the treatment of SUI. A few studies dating back several decades 
reported success in treating female SUI with propranolol (Gleason et al., 1974; 
Kaisary, 1984). In one of these studies, the beneficial effects did not manifest until 
after 4 to 10 weeks of treatment (Gleason et al., 1974), a difficult to explain 
pharmacological phenomenon. Others reported that β-AR blockade with i.v. 
propranolol and sotalol did not affect the urethral pressure profile in healthy women 
(Donker and van der Sluis, 1976). Although initially suggested as an alternative to α-
AR agonists in women with SUI and hypertension, β-AR blockers like propranolol 
have major potential side effects including increased airway resistance. There have 
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been no recently published large RCTs to date supporting the use of β-AR blockers 
for women with SUI. 
  
7.4. Serotonin-noradrenaline uptake inhibitors 
 
7.4.1. Imipramine  
 
Imipramine, an inhibitor of the neuronal re-uptake of noradrenaline and serotonin, is 
assumed to enhance the contractile effects of noradrenaline on urethral smooth 
muscle. As such, imipramine has been studied as a treatment for SUI. An open-label 
study treated 30 women with SUI with imipramine 75 mg, of which 21 achieved 
subjective continence; the mean maximal urethral closure pressure increased from 34 
to 48 mm Hg (Gilja et al., 1984). Furthermore, 35% of the women were reported as 
cured by pad test. The efficacy of imipramine 25 mg t.i.d. was assessed in another 
open-label study of 40 women with SUI (Lin et al., 1999). A 20-minute pad test and 
urodynamics were performed in each woman before and after treatment. After 3 
months of treatment, 35% (n = 14) were cured and 25% (n = 10) improved by ≥50%, 
resulting in a total of 60% achieving therapeutic benefit (CI 11.8-75.2). The closing 
pressure was 77 cm H2O for the treatment success group vs. 40 cm H2O in the 
treatment failure group. The authors concluded that high pre-treatment closing 
pressure served as a predictor of treatment success. More recently, a, double-blind, 
placebo-controlled RCT of 16 healthy women without SUI investigated whether 
imipramine increased opening urethral pressure (Kornholt et al., 2019). When urethral 
pressure was measured before and 1 h after receiving either imipramine 50 mg or 
placebo, imipramine increased urethral pressure by only 6.5 cm H2O. The authors 
concluded that the increase in urethral pressure after imipramine was neither 
statistically significant nor clinically relevant. There have been no recently published 
RCTs on the use of imipramine in women with SUI. 
 
7.4.2. Duloxetine  
 
Duloxetine hydrochloride is another noradrenaline and serotonin reuptake inhibitor 
that is assumed to act mainly in the spinal cord (Michel et al., 2005b), and it has been 
well-studied in experimental models of SUI (Bymaster et al., 2005). Duloxetine was 
initially studied in a cat model of bladder irritation using acetic acid (Thor and 
Katofiasc, 1995). When these cats were pretreated with duloxetine, urethral 
sphincteric muscle activity increased 8-fold during bladder storage. This sphincteric 
effect was reversed by α1-AR and serotonergic antagonists. Serotonin and 
noradrenaline terminals are particularly dense within the pudendal nerve neurons in 
Onuf’s nucleus in the sacral spinal cord (Figure 11), and activation of these terminals 
releases glutamate to cause contraction of the urethral rhabdosphincter (Thor and de 
Groat, 2010).   
 
Duloxetine has undergone a full-fledged clinical development program for use in SUI 
that led to regulatory approval in some countries including the European Union for 
the treatment of SUI in women with moderate to severe incontinence (i.e., with ≥15 
leakages per week). Duloxetine has been approved in the US for the treatment of 
major depressive disorder, generalized anxiety disorder, fibromyalgia, diabetic 
peripheral neuropathic pain, and chronic musculoskeletal pain, but an application for 
approval for the treatment of SUI in the US was withdrawn (Michel, 2007). Following 
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a phase II study (Norton et al., 2002), the first phase III RCT performed in North 
America randomized 683 women to either duloxetine 40 mg b.i.d. (n = 344) or 
placebo (n = 339) for 12 weeks (Dmochowski et al., 2003a). The primary outcome 
variables included 50-100% decrease in weekly incontinence episode frequency and 
the total score on the I-QOL. Duloxetine decreased incontinence episodes compared 
with placebo (50% vs 27%) and improved the I-QoL (11.0 vs 6.8). Nausea was seen 
in 22.7% of women receiving duloxetine vs. 2.1% receiving placebo. Nausea was 
reported in most within 2 days, and the nausea was mild to moderate in severity in 
87% of the subjects. Eventually, 6.4% of the women receiving duloxetine 
discontinued due to nausea. The discontinuation rate for AE was 24% for duloxetine 
compared to 4% receiving placebo. Similar results were reported from two other 
phase III RCT (Millard et al., 2004; van Kerrebroeck et al., 2004). The risk of nausea 
appears to be reduced if a starting dose of 20 mg b.i.d. is used for 2 weeks and then 
increased to 40 mg b.i.d. (Hashim and Abrams, 2006). 
 
A Cochrane review of duloxetine as treatment for women with SUI performed in 
2005 included 9 primary studies and 6 additional reports related to 1 or 2 of the 
primary studies (Mariappan et al., 2005). The definition of treatment response used in 
most of these studies was a 50-100% decrease in incontinence episode frequency. 
Subjective “cure” in women receiving duloxetine 40 mg b.i.d. was more frequent than 
in those receiving placebo (10.8% vs 7.7%, overall RR = 1.42 [1.02-1.98]). Objective 
cure data, available from only the one study using a stress pad test, showed no clear 
difference between duloxetine and placebo (Norton et al., 2002). Yet, duloxetine 
showed greater improvement in I-QOL with the weighted mean difference of 0.45 
[2.83-6.18] for the 80 mg dose. Nausea was the most common AE with an incidence 
of 23-25% and was the main reason for discontinuation. Other reported AE were 
vomiting, constipation, dry mouth, fatigue, dizziness, and insomnia. In a subsequent 
systematic review, the same authors stated that further research was required to 
determine robustly if duloxetine was clinically effective and cost effective compared 
to surgical SUI treatments and whether there was sustained efficacy with acceptable 
tolerability (Mariappan et al., 2007). 
 
In a meta-analysis of 4 placebo-controlled studies and the reports obtained from the 
European Medicines Agency, duloxetine was more effective compared to placebo for 
the endpoints of percentage change in weekly incontinence episodes (mean difference 
13.5%), numeric change from baseline (-2.85) and IQOL total score, but the effect 
sizes were small (Maund et al., 2017). A sensitivity analysis (with removal of one 
trial) showed that the number needed to treat for a Patient Global Impression of 
Improvement rating of “much better or very much better” was 8. The number needed 
to harm was 7 (CI 6 to 9) for discontinuing because of an AE and 7 for experiencing 
an activation event (agitation, euphoria, anxiety, mania, irritability, akathisia). There 
was no report of suicidality or violence, but 2 of 958 patients experienced a total of 5 
serious AE potentially predisposing to suicidality (“the harm outweighed the 
benefits”). 
 
Duloxetine has been studied against pelvic floor muscle training (PFMT) alone and in 
combination. One study randomized 201 women with SUI to 1 of 4 treatments: 
duloxetine alone at 40 mg b.i.d., PFMT, duloxetine and PFMT, and sham PT with 
placebo (Ghoniem et al., 2005). The primary outcome measure was the frequency of 
incontinence episodes; other efficacy measures included daily number of pads and I-
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QOL scores. Overall, duloxetine with or without PFMT was superior to PFMT alone 
or to placebo, and greater improvements in pad numbers and I-QOL were seen in 
women receiving both duloxetine and PFMT compared to duloxetine alone. The 
authors concluded that that the complementary modes of action seen with using 
duloxetine and PFMT together may result in an additive effect in treating SUI. More 
recently in 2021, 158 women in the DULOXING study were randomized to either 
duloxetine 40 mg b.i.d. alone or to duloxetine 40 mg b.i.d. combined with PFMT 
(Hagovska et al., 2021). The study was conducted over 12 weeks, and primary 
endpoints involved the assessment of incontinence episode frequency and results from 
the International Consultation on Incontinence Questionnaire short form. The I-QOL 
and patient global impression scores were used as secondary measurements. PFMT 
was performed by a physiotherapist over 5 sessions utilizing lumbopelvic 
stabilization, and the patient performed pelvic floor exercises 5 times/week for 30 
minutes. The physiotherapist checked pelvic floor muscle strength and endurance. 
After 12 weeks, the groups receiving both duloxetine and PFMT saw a 66.7% 
decrease in incontinence episodes and the group receiving duloxetine alone saw a 
50% decrease.  Also, differences favoring the group receiving duloxetine plus PFMT 
were seen with the International Consultation on Incontinence Questionnaire short 
form, I-QOL, and patient global impression scores. There were no statistically 
significant differences in AEs between the 2 groups. Fatigue was the most common 
side effect seen, and it was seen in 9.2–9.3% in both groups. Nausea was seen in 3.1-
4.6% in both groups. The authors concluded that the addition of PFMT to duloxetine 
greatly improved SUI symptoms in women. 
 
The continued use of duloxetine in women as an alternative to SUI surgery has also 
been studied.  As continence surgery is a frequent approach to the treatment of SUI, 
an 8-week placebo-controlled RCT of 109 women with SUI compared duloxetine 40 
mg b.i.d. or placebo (Cardozo et al., 2004a). All subjects had at least 14 incontinence 
episodes/week at baseline, SUI was demonstrated on urodynamics, and all had 
continence surgery already scheduled. At the end of the study, only 20% of the 
women that received duloxetine were no longer interested in surgical treatment for 
their SUI. All duloxetine responses were observed within 2 weeks; however, 33% 
discontinued duloxetine because of AE with nausea seen as the most common. 
Another study offered duloxetine 40 mg b.i.d. to 33 women with SUI awaiting a 
tension-free vaginal tape operation (Duckett et al., 2006). After 4 weeks of duloxetine 
use, 24% of the women came off the waiting list; however, 48% discontinued 
duloxetine because of AE. 
 
The use of duloxetine to treat SUI in women aged 65 years or older with SUI or 
stress-predominant mixed incontinence has been investigated in a 12-week, double-
blind study randomizing them to duloxetine starting at 20 mg b.i.d. for 2 weeks then 
increasing to 40 mg b.i.d. (n = 131) or placebo (n = 134) (Schagen van Leeuwen et 
al., 2008). Women receiving duloxetine had a 52.5% decrease in mean incontinence 
episodes compared to patients receiving placebo that had a 36.7% decrease. 
Furthermore, the responder rate (≥50% reduction) was 57.1% in the duloxetine group 
and 35.2% in the placebo group. Compared to placebo, duloxetine was associated 
with greater improvement of the I-QOL total and the patient global impression scores.  
The incidence of AEs during did not differ statistically significantly between the two 
groups. Nausea was seen in only 7.5% in patients receiving duloxetine vs. 3.1% of 
patients receiving placebo. The lower incidence of nausea as compared to the phase 
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III studies was attributed to the lower starting dose. The authors concluded that 
duloxetine is safe and effective as a treatment of SUI in elderly women. 
 
Several studies have evaluated adherence with long-term duloxetine use. One study 
assessed the maintenance of efficacy of duloxetine 40 mg b.i.d. beyond 3 months 
based on several long-term, open-label studies, i.e., data from 1424 patients enrolled 
in three 12-week, placebo-controlled clinical trials and their uncontrolled, open-label 
extensions, and in one uncontrolled, open-label study for up to 30 months using the 
validated patient global impression scale (Bump et al., 2008). The duloxetine 
continuation rate at 1 year was 42.5%. After 30 months, 368 patients remained on 
treatment. Of those that continued treatment beyond the first year, 83% of patients at 
24 months and 88% of patients at 30 months rated their incontinence in one of the 
three ‘better since starting treatment’ patient global impression score categories. The 
authors admitted that the results needed to be interpreted cautiously because many 
patients discontinued duloxetine and those with better responses were more likely to 
continue taking the drug. In a cohort of 228 women prescribed duloxetine and 
followed beyond 1 year of treatment, 71 of the women (31%) continued beyond 4 
weeks of treatment, and 103 stopped because of AE and 54 stopped because of lack of 
efficacy (Vella et al., 2008). Furthermore, only 12% were taking duloxetine at 4 
months, 10% remained on duloxetine at 6 months, and 9% were on duloxetine at 1 
year. In addition, the authors reported that 1 year later, 187 (82%) women had either 
undergone a tension-free vaginal tape procedure or were awaiting the procedure. 
Overall, 56% discontinued due to AEs and 33% stopped due to lack of efficacy. The 
authors concluded that persistence with long-term duloxetine was low due to poor 
tolerability and due to the effective option of surgical procedures like mid-urethral 
slings which offers a more definitive form of treatment. 
 
The tolerability of duloxetine in the treatment of SUI is primarily limited by the 
occurrence of nausea, although that has improved after the introduction of a 20 mg 
starting dose being up-titrated to 40 mg after 2 weeks (Hashim and Abrams, 2006). 
The improved tolerability of this adapted dosing regimen has been confirmed in a 
non-interventional study of more than 8000 women with SUI (Michel et al., 2013). 
The prescribing information for indications other than SUI based on 6801 duloxetine 
and 4487 placebo treated patients reports the occurrence of nausea (24% vs. 8%), dry 
mouth (13% vs. 5%), fatigue (10% vs. 5%), somnolence (10% vs. 3%), insomnia 
(10% vs. 6%), constipation (10% vs. 4%), and dizziness (10% vs. 5%). Moreover, the 
product information for duloxetine contains a “black box” warning of “increased risk 
of suicidal thinking and behavior in young adults taking antidepressants for major 
depressive disorder and other psychiatric disorders”, and the product information 
states that “depression and certain other psychiatric disorders are themselves 
associated with increases in the risk of suicide”. 
 
Based upon the above clinical efficacy and safety profile the UK NICE guidelines 
classify duloxetine as an optional second-line treatment for women with SUI not 
willing or unfit for surgery after discussion of the side effects (Shaban et al., 2010). 
Others concluded that duloxetine may be useful in patients who are reluctant to 
undergo surgery or who have relevant co-morbidities; whilst it may lead to a 
reduction in incontinence episode frequency, the actual ‘dry’ rates remain 
considerably lower than what is seen following continence surgery (Robinson and 
Cardozo, 2010). In conclusion, further research utilizing both patient-reported 
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outcomes and cost-effective analysis, is needed to decide how to best incorporate 
duloxetine into the treatment of women with SUI. 
 
7.5. Estrogens 
 
Despite several clinical trials, the role of estrogen in the treatment of SUI has been 
controversial because promising results may have occurred because they had small 
sample sizes and/or were observational and not randomized, blinded, or controlled 
(Hextall, 2000). A further complication is that several different types of estrogen, 
varying doses and routes of administration, and trial durations have been used. One 
study compared the oral administration of conjugated equine estrogens 0.625 mg and 
medroxyprogesterone 10 mg cyclically for 3 months compared to placebo in 83 hypo-
estrogenic women with urodynamically confirmed SUI and/or DO, but the clinical 
and QoL variables did not change in either group (Fantl et al., 1996a). A prospective 
multi-center trial in Australia, South Africa and the Netherlands treated 68 
postmenopausal women with SUI with vaginal estriol 1mg/g cream for 6 weeks 
(Weber et al., 2017). At the end of the study period, improvements in two out of four 
subjective domains (Patient’s Global Impression of Improvement scale and 
Urogenital Distress Inventory) were seen. Out of the two objective outcomes 
measured, only vaginal pH improved following treatment with vaginal estriol, 
whereas cough pad tests varied widely.  
 
The data from the early studies were subjected to two meta-analyses. The first, 
performed by the Hormones and Urogenital Therapy committee, examined the use of 
estrogens to treat all causes of incontinence in post-menopausal women (Fantl et al., 
1994). Only six controlled trials and 17 uncontrolled series were identified among  
166 articles published in English between 1969 and 1992. These found a subjective 
improvement for all patients and for the subgroup of women with urodynamically 
confirmed SUI. However, no change was seen for the objective parameter of volume 
of urine loss, and an increase in maximum urethral closure pressure was driven by one 
study showing a large effect. The second meta-analysis reviewed eight controlled and 
14 uncontrolled prospective trials and included all types of estrogen treatment 
(Sultana and Walters, 1994). They also concluded that treatment with estrogen not 
efficacious in women with SUI but may be useful for the often-associated symptoms 
of urgency and frequency. Taken together, these data demonstrate that estrogens when 
given alone, do not appear to be effective for the treatment of SUI.  
 
Based on such conclusions, several studies investigated the effects of estrogen in 
combination with other treatments such as PFMT or α-AR agonists. An RCT 
compared the effects of the combination of PFMT and estriol (1 mg) vs. PFMT alone 
in 66 women with post-menopausal SUI and mild to moderate incontinence (Ishiko et 
al., 2001). The efficacy of both treatments was evaluated every three months using 
stress scores obtained from a questionnaire. The stress score decreased to a greater 
extent with combination than with PFMT alone as early as 3 months after start of 
treatment, and this difference was maintained for up to 18 and up to 12 months in 
those with mild and moderate SUI, respectively. A further study evaluating the effects 
of intravaginal estriol and pelvic floor rehabilitation on urogenital aging in post-
menopausal women randomized 206 women with symptoms of urogenital aging into 
two groups of 103 women each. The treatment group received intravaginal estriol 
ovules 1 mg q.d. for 2 weeks and then 2 ovules weekly for a total of 6 months 
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together with pelvic floor rehabilitation, whereas women in the control group received 
only intravaginal estriol. Prior to treatment 83 (80.6%) of the women in the treatment 
arm complained of SUI compared to 103 (100%) of the control women. At the end of 
the study only 22 (21.4%) of the treated patients suffered from SUI compared to 93 
(90.3%) of the control group representing an improvement in SUI a result of this 
combination therapy (Capobianco et al., 2012). In an extrapolation of this work, triple 
combination therapy (estrogen ovule in combination with PFMT and Lactobacilli 
acidophili) resulted in greater improvement in symptoms of SUI (Capobianco et al., 
2014). 
 
A more recent systematic review and network meta-analysis analysis compared the 
effectiveness of pharmacological and nonpharmacological interventions to improve or 
cure all types of incontinence and confirmed the earlier findings (Balk et al., 2019). It 
identified 84 RCT, of which 32 reported SUI outcomes. The results demonstrated that 
behavioral therapy (PFMT), either alone or in combination with hormones (vaginal 
estrogen), was more effective than hormones alone in achieving cure or improvement. 
Hormones (vaginal estrogen) also showed no statistically significant difference in 
cure or improvement rates compared to no treatment. Thus even prior to the reported 
secondary analyses of the Heart and Estrogens/progestogen Replacement Study 
(HERS) (Grady et al., 2001) and Women’s Health Initiative (Hendrix et al., 2005) it 
was already recognized that systemic estrogen therapy alone had little effect in the 
management of urodynamic SUI (Al-Badr et al., 2003; Robinson and Cardozo, 2003). 
 
7.5.1. Evidence regarding estrogens and incontinence from large clinical trials 
 
The Heart and Estrogens/progestogen Replacement Study was primarily designed to 
evaluate the use of estrogen in secondary prevention of cardiac events and included 
2763 post-menopausal women aged <80 years with coronary heart disease and intact 
uteri (Grady et al., 2001). The participating women were randomized to receive 0.625 
mg of conjugated estrogens plus 2.5 mg of medroxyprogesterone acetate in one tablet 
or placebo with a mean follow-up of 4.1 years. In a secondary analysis of 1525 
women with ≥1 weekly incontinence episode at baseline, the severity of incontinence 
was classified as qualitatively as improved, unchanged, or worsened: Improved 
incontinence was reported in 26% and 21% in the placebo and hormone groups, 
respectively, whereas worsened incontinence with found in  27% and 39%, 
respectively. The number of weekly incontinence episodes decreased by 0.1 in the 
placebo and increased by 0.7 in the hormone group. This difference emerged after 4 
months of treatment and applied to both UUI and SUI, demonstrating that daily oral 
estrogen plus progestogen therapy as compared to placebo worsened incontinence in 
older post/menopausal women and should not be recommend for this indication. 
However, it is possible that the progestogen component may have had an influence on 
the results of this study. 
 
The Women’s Health Initiative study was a multi-center, double-blind placebo-
controlled RCT of hormone therapy that enrolled in 27,347 postmenopausal women 
(age 50-79 years) between 1992 and 1998 for whom urinary incontinence symptoms 
were known in 23,296 participants at baseline and after one year (Hendrix et al., 
2005). Randomization to active treatment or placebo was balanced for hysterectomy 
status. Those with a uterus were given 0.625 mg of conjugated equine estrogen plus 
2.5 mg of medroxyprogesterone acetate, whereas estrogen alone was given to women 
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with prior hysterectomy. Hormone therapy increased the incidence of all types of 
urinary incontinence after one year among women who were continent at baseline. 
The risk was highest for SUI (combination: RR 1.7 [1.61-2.18]; estrogen alone: RR 
2.15 [1.77-2.62[), followed by mixed urinary incontinence (combination: RR 1.49 
[1.10-2.01], estrogen alone: 1.79 [1.26-2.53]). The combination had no statistically 
significant effect on developing UUI (RR 1.15 [0.99-1.34]) but estrogen alone 
increased the risk (1.32 [1.10-1.58]). Among women with incontinence at baseline, 
the frequency worsened in both actively treated groups (combination: RR 1.38 [1.28-
1.49]; estrogen alone 1.47 [1.35-1.61]). The number of incontinence episodes 
worsened at one year in both actively treated groups (combination: RR 1.20 [1.06-
1.76]; estrogen alone: 1.59 [1.39-1.82]). Women receiving hormone therapy were 
more likely to report that incontinence limited their daily activities at one year 
(combination: RR 1.18 [1.06-1.32]; estrogen alone: 1.29 [1.15-1.45]). Thus, based on 
this secondary analysis of data from a huge study conjugated equine estrogen alone or 
in combination with medroxyprogesterone acetate increased the risk of incontinence 
amongst continent women and worsened incontinence amongst asymptomatic women 
after one year of therapy. 
 
The Nurses Health Study was a biennial postal questionnaire starting in 1976. Starting 
in 1996, 39,436 post-menopausal women (age 50-75 years) not reporting urinary 
leakage at baseline were followed for 4 years to identify incident cases of newly 
emerging urinary incontinence (Grodstein et al., 2004). It identified 5060 cases of 
occasional and 2495 of frequent incontinence. The RR to develop incontinence was 
increased amongst women taking hormones compared to those who had never taken 
hormones (oral estrogen: 1.54 [1.44, 1.65]; transdermal estrogen: 1.68 [1.41, 2.00]; 
oral estrogen with progestin: 1.34 [1.24, 1.44]; transdermal estrogen with progestin: 
1.46 [1.16, 1.84]). The risk of incontinence decreased after cessation of hormone 
therapy; the risk was identical in women who had and who never had taken hormone 
therapy 10 years after stopping hormones. 
 
The most recent meta-analysis of the effect of estrogen therapy on the LUT by the 
Cochrane Group (Cody et al., 2012) yielded starkly different conclusions than the 
previous review (Moehrer et al., 2003). This new analysis has identified 34 trials 
including a total of 19,676 incontinent women (1464 in trials of local administration) 
with 9599 receiving estrogen therapy. Systemic administration (of unopposed oral 
estrogens – synthetic and conjugated equine estrogens) was associated with worse 
incontinence than placebo (RR 1.32 [1.17-1.48]), but this was driven by the findings 
from the Women’s Health Initiative study (Hendrix et al., 2005), which was much 
larger than any other. Combination therapy similarly worsened incontinence as 
compared to placebo (RR1.1 [1.04-1.08]). There was some evidence suggesting that 
local estrogen therapy may improve incontinence (RR 0.74 [0.64-0.86]), accompanied 
by 1-2 fewer daily voids and less frequency and urgency. These data suggest that 
systemic hormone replacement therapy with conjugated equine estrogens worsens 
incontinence, whereas local estrogen therapy may be beneficial for incontinence but 
with little evidence of a long-term effect. Moreover, too few data exist for robust 
conclusions on the dose and type of estrogen and the route of administration (oral vs. 
transdermal). 
 
7.5.2. Genitourinary syndrome of menopause 
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Following a consensus conference held in 2013, the Board of Directors of the 
International Society for the Study of Women’s Sexual Health and the Board of 
Trustees of the North American Menopause Society acknowledged the need to review 
terminology associated with genitourinary tract symptoms related to menopause 
(Portman and Gass, 2014). They agreed on the term Genitourinary Syndrome of 
Menopause as a more accurate all-encompassing and publicly acceptable term than 
vulvo-vaginal atrophy. As well as genital symptoms this covers the urinary symptoms 
of urgency, dysuria, and recurrent UTI. It has long been appreciated that these 
symptoms respond well to low dose local (intravaginal) estrogen therapy given long 
term to post-menopausal women (Baber et al., 2016). Since the introduction of 
intravaginal estrogens, the traditional 25 µg twice weekly dose of estradiol vaginal 
tablets has been replaced by the ultra-low dose 10 µg twice weekly vaginal tablet, to 
mitigate the risks of endometrial stimulation associated with the original, higher dose 
(Simon and Maamari, 2013). This has unfortunately led to reduced efficacy and does 
not appear to be adequate for the control of OAB symptoms in post-menopausal 
women, 50% of whom may suffer from genitourinary syndrome of the menopause if 
untreated. Fears regarding unopposed estrogens, have led to the development of ultra-
low dose vaginal estrogen formulations. There are now a variety of preparations and 
concentrations (Table 4) available. Their efficacy when compared to one another, is 
undetermined.  
 
The most recent Cochrane review including 30 trials with 6235 women found only 
low‐quality evidence for improvement of the symptoms of vaginal atrophy in 
postmenopausal with intra‐vaginal estrogenic preparations as compared to placebo, 
and confirmed earlier review conclusions that there was no difference between 
various types of formulation (Lethaby et al., 2016). 
 
7.5.3. Other hormones 
 

7.5.3.1. Selective estrogen receptor modulators 
 
Selective estrogen receptor modulators induce unique receptor-ligand conformations 
and, accordingly, can have varying effects that can be both estrogenic and anti-
estrogenic. Initially the best data available related to raloxifene, as this was the only 
drug licensed for the treatment of postmenopausal osteoporosis. However, raloxifene 
has not been shown to have any effect at all on urinary incontinence (Vardy et al., 
2003; Waetjen et al., 2004). Studies evaluating the effect of tamoxifen on 
incontinence are limited, and although some have demonstrated an increase in 
incontinence among breast cancer survivors taking tamoxifen, none have identified a 
statistically significant relationship (Alfano et al., 2006; Morales et al., 2004; Vardy et 
al., 2003). 
 
More recently, ospemifene, a third generation selective estrogen receptor modulator, 
indicated for treatment of moderate-to-severe symptomatic vulvo-vaginal atrophy 
(Nappi et al., 2017) and dyspareunia (Bondi et al., 2016) in postmenopausal women in 
whom estrogen therapy is contraindicated, has shown promising results regarding the 
management of OAB symptoms. A retrospective review of 46 women with vulvo-
vaginal atrophy found an improvement in frequency, nocturia, urgency, and UUI after 
12 weeks of ospemifene treatment (Schiavi et al., 2017).  
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A study of 105 patients, aimed at assessing the effectiveness of ospemifene in the 
improvement of sexual function in postmenopausal women with vulvo-vaginal 
atrophy and OAB symptoms, found an improvement in frequency, nocturia, urgency, 
and UUI (Schiavi et al., 2018). There were also improvements in OAB questionnaire 
scores. These results have subsequently been replicated in a prospective cohort study 
of 25 women with vulvo-vaginal atrophy and OAB symptoms refractory to first-line 
pharmacologic treatment (Novara et al., 2020). Additionally, ospemifene has been 
shown to be effective the treatment of the urgency component of mixed urinary 
incontinence following insertion of a mid-urethral sling (Schiavi et al., 2019). 
 

7.5.3.2. Androgens 

Preliminary studies of dehydroepiandrosterone and its sulphate, which are 
metabolized to estradiol and testosterone in peripheral target tissues, have 
demonstrated promising results for the treatment of postmenopausal women with 
symptoms of vaginal atrophy. However, no reported clinical trials have evaluated the 
effect of androgens and, in particular, dehydroepiandrosterone, on urinary 
incontinence in women. Therefore, it remains to be seen whether this improvement in 
the vulvo-vaginal aspect of Genitourinary Syndrome of Menopause symptoms, will 
be extrapolated to its lower urinary tract manifestations. 
 

7.5.3.3. Progesterone and progestogens 
 
Progesterone and progestogens are considered to increase the risk of incontinence 
because LUTS and especially SUI have increase in the progestogenic phase of the 
menstrual cycle (Hextall et al., 2001). Progesterone increased β-adrenergic activity 
resulting in a decrease in the urethral closure pressure in female dogs (Raz et al., 
1973). However, whether or not progestin was administered in addition to estrogen 
did not affect urinary outcomes in the Women’s Health Initiative study (Hendrix et 
al., 2005), 
 
7.5.4. Conclusions 
 
Estrogen contributes importantly to the physiology of the female LUT and its decline 
after menopause to pathogenesis of several LUT conditions. However, the therapeutic 
systemic administration of estrogen alone or in combination with progestogen has not 
shown benefit and is discouraged. The underlying evidence is derived from studies 
designed and powered to assess their effect in the prevention of cardiovascular events; 
data on incontinence are derived from secondary analyses that were based on self-
reported symptoms without objective data. Despite such limitations, all large RCT 
have found a worsening of pre-existing incontinence, both SUI and UUI, and an 
increased incidence of newly emerging incontinence with estrogen monotherapy and 
estrogen plus progestogen combination treatment. However, most subjects in these 
trials used combined equine estrogen, which may not be representative of all 
estrogens taken by all routes of administration. 
 
The available evidence supports the use of by low dose (local) vaginal estrogen 
therapy to reverse the symptoms and cytological changes of urogenital atrophy, but it 
remains unclear whether estrogens should be used with or without progestogens in the 
treatment of incontinence. Although the selective estrogen receptor modulator, 
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ospemifene, has demonstrated encouraging results regarding the treatment of OAB 
symptoms, there remains a paucity of high-quality evidence to support its routine use. 
Most studies concerning ospemifene do not include improvement in the urogenital 
symptoms of Genitourinary Syndrome of Menopause as their primary outcome. 
Currently there are no RCT comparing either ospemifene to vaginal estrogen alone, or 
in combination with an antimuscarinic for the management of urinary symptoms. 
More rigorous clinical trials will be needed before ospemifene or other selective 
estrogen receptor modulators are included in the stepwise management of OAB 
symptoms.  
 
The International Menopause Society produced recommendations in 2016 on 
women’s midlife health and menopause hormone therapy to help guide healthcare 
professionals in optimizing their management of women in menopause transition and 
beyond. They have given a grade A recommendation to the use of local estrogens for 
urogenital symptoms and a grade B recommendation for the long-term use of such 
treatment. They have also allocated a grade B recommendation to the use of low dose 
local estrogens in the management of recurrent lower UTI (Baber et al., 2016). The 
British Menopause Society’s most recent consensus statement (Pitkin, 2018) 
corroborates these recommendations and goes further to support the use of local 
vaginal estrogen on a long-term basis, for as long as it is needed. The British 
Menopause Society statement also quotes evidence for the use of local vaginal 
estrogens for the management of OAB, especially in cases of concomitant vaginal 
atrophy. 
 
7.6.  Drugs used to treat SUI in men 
 
In contrast to women, intrinsic sphincteric deficiency and not loss of urethral support 
is a primary factor in the pathophysiology of SUI in men. Therefore, the 
pharmacologic treatment of male SUI, most commonly for post-prostatectomy 
incontinence, is directed primarily at treating intrinsic sphincteric deficiency. The 
internal urethral sphincter, which extends from the bladder neck through the prostatic 
urethra, can be damaged during prostate surgery, and during routine radical 
prostatectomy the internal urethral sphincter is removed. The external urethral 
sphincter begins distal to the prostate at the membranous urethra and includes the 
rhabdosphincter (intrinsic skeletal and smooth muscle) and the extrinsic paraurethral 
skeletal muscle. Accordingly, damage to the parasympathetic and somatic innervation 
of the smooth and striated muscle can contribute to male SUI after prostatectomy. 
Furthermore, compromise of the sphincter support mechanism or post-operative 
changes such as fibrosis can further contribute to impaired sphincter function. 
 
While the majority of men experience incontinence immediately following 
prostatectomy, in most this is transient and gradually improves with time.  
Approximately, 20-27% of men with SUI after prostatectomy achieve immediate 
continence after urethral catheter removal (Menon et al., 2007).  PFMT, 
recommended as first-line treatment for PPI and performed under the supervision of a 
physiotherapist with or without biofeedback, is thought to improve urethral stability 
and increased urethral closure pressure during exertion (Fernández et al., 2015). 
Pharmacotherapy for male SUI has been studied as a conservative option before 
moving onto surgical therapies like artificial urinary sphincter and male sling.  Yet, 
with advancing age there is evidence of rhabdosphincter atrophy and neural 
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degeneration (Burnett and Mostwin, 1998). As such, treatment of male SUI is 
challenging with drugs that work best with an intact sphincteric apparatus.   
 
A systematic literature review on pharmacotherapy for male SUI identified nine 
studies that provided evidence for the use of α-AR agonists, β2-AR agonists, and 
serotonin-noradrenaline reuptake inhibitors in the treatment of male SUI (Tsakiris et 
al., 2008).  Regarding treatment of male SUI with α-AR agonists (ephedrine, 
phenylpropanolamine, midodrine), all 3 studies were conducted in small populations 
with a mixture of men and women, and for this reason did not allow robust 
conclusions whether the drugs were effective. As for treatment with β2-AR agonists, 
there was one study of 14 men with SUI after radical prostatectomy treated with 
clenbuterol 20 mg b.i.d., and 9 men (64%) had improvement in pad scores (Noguchi 
et al., 1997).  
 
The drug studied most in the treatment of male SUI is duloxetine. A systematic 
review on the use of duloxetine for the treatment of male SUI published between 
inception of review to June 2020 identified eight studies (n = 348 men) for review: 2 
RCTs, 1 randomized, non-controlled trial, 4 prospective cohort studies, and 1 
retrospective cohort study (Kotecha et al., 2021).  Duloxetine was assessed in two 
scenarios: (1) early use in two studies (the RCT) to reduce the time to attain 
continence following catheter removal after radical prostatectomy and (2) treatment of 
persistent post-prostatectomy incontinence in six studies after failed PFMT starting at 
least 6–12 months after surgery. The primary outcome measures reported in these 
studies included improvement in incontinence as measured by the number of 
pads/day, pad weight, dry days, Likert scales, and/or QOL questionnaires. Both RCT 
included a comparison arm where patients received either duloxetine and PFMT (n = 
78) or placebo and PFMT (n = 92) (Alan et al., 2015; Filocamo et al., 2007). Both 
RCT reported an earlier return of continence in those treated with duloxetine and 
PFMT with dry rates of 78% (compared with 52%) at 4 months and 96.5% (compared 
with 87%) at 1 year. Only the RCT by Alan et al. reported subjective outcomes with 
the ICIQ-UI SF, and they reported a 48.7% improvement in total score. The other six 
studies reported that duloxetine was effective in treating post-prostatectomy 
incontinence, but there was considerable heterogeneity in the outcome measures 
reported. A mean dry rate of 42% was reported in three studies. In addition, the mean 
pad number improved by 52%, and the mean 1-h pad weight was improved by 53%. 
The study with the longest follow-up (9 months) noted persistent benefit with 
duloxetine, with 65% being pad free at 9 months compared with only 37% at 3 
months (Collado Serra et al., 2011). Unfortunately, the lack of a control group meant 
that the additional benefit of duloxetine above the natural rate of expected continence 
recovery was unknown. As for AE rates between the eight studies, fatigue, 
somnolence, and nausea were the most common and reported in 18% of the men. 
These AE led to discontinuation of duloxetine in 21%, and the overall discontinuation 
(due to both AE and lack of efficacy) rate was 38%. The authors highlighted the need 
for further randomized trials with longer follow-up and consistent outcome reporting 
measures. Usage of duloxetine for male SUI remains universally off label. An 
efficacious and well tolerated drug for the treatment of male SUI would be welcome.  
Yet, larger, placebo controlled RCT with much longer follow-up are necessary to 
determine the role of pharmacotherapy in men with SUI. 
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8. Drugs to treat nocturia and enuresis 
 
Nocturia can be a symptom of OAB and BPH, but also can be caused by various non-
urological conditions and by life-style factors (Schneider et al., 2009). However, 
typical OAB and BPH medications such as muscarinic or α1-AR antagonists or ARI 
have much smaller effects against nocturia than against other symptoms of OAB and 
BPH; improvement of nocturia by such medications relative to placebo typically is 
small if existent (Cornu et al., 2012; Schneider et al., 2009). However, reductions in 
nocturia episodes by about 50% having been observed in non-interventional studies 
with antimuscarinics (Michel et al., 2005a; Schneider et al., 2010; Witte et al., 2009b) 
or α1-AR antagonists (Michel et al., 2020b). Moreover, nocturia has not been a 
prespecified endpoint in any major study with classic OAB and BPH medications. 
 
Given the role of vasopressin in the pathophysiology of nocturnal polyuria and 
nocturia (Cornu et al., 2012; Schneider et al., 2009), the vasopressin analog 
desmopressin is the best studied drug for the treatment of nocturia. Compared to the 
endogenous hormone vasopressin, desmopressin is selective for anti-diuretic over 
vasopressor effects and has a more powerful and longer-lasting antidiuretic action. It 
is available for clinical use in formulations for oral, parenteral, and intranasal 
administration. The onset of action is fast as reflected by a reduced urine production 
as early as 30 minutes after oral administration (Rittig et al., 1998). The globally most 
commonly used form of desmopressin is an oral lyophilisate formulation that requires 
no concomitant fluid intake because of pharmacokinetics reasons and patient 
preference; however, it has not been approved in many countries, including the United 
States (Nevéus et al., 2020). The lyophilisate formulation was shown also to have 
better pharmacodynamic characteristics than desmopressin tablets (De Guchtenaere et 
al., 2011). Another newly approved version of desmopressin is AV002 (SER120), an 
emulsified, micro-dose formulation administered as a nasal spray and characterized 
by a rapid absorption, high bioavailability, limited duration of action, and low 
coefficient of variation for drug exposure (Andersson et al., 2019). AV002 was 
improved the co-primary and secondary efficacy end points more than over placebo 
including QoL improvements and had an acceptable safety profile (Kaminetsky et al., 
2018). Based on the relationship between nocturia and enuresis, desmopressin has 
been studied extensively in both children and adults. 
 
8.1. Desmopressin in children 

Children with enuresis often exhibit a disturbed circadian rhythm of arginine-
vasopressin production (lack the physiologic increase in vasopressin levels during 
sleep) leading to an excess urine production during sleep, i.e., nocturnal polyuria; the 
vasopressin analog desmopressin can restore this rhythm and reduced enuresis 
(Kamperis, 2021).  
 
The pharmacology of desmopressin in children with enuresis was recently reviewed 
(Gasthuys et al., 2020). Among the various formulations of desmopressin 
commercialized for this indication, the lyophilizate is the preferred formulation. Food 
intake profoundly affects the oral bioavailability of desmopressin, and plasma 
concentration-time profiles (double absorption peak) of the desmopressin lyophilizate 
differ between adults and children. While desmopressin is generally considered safe, 
in can cause severe hyponatremia based on its mechanism of action, and measures 
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should be taken to prevent this. Symptomatic hyponatremia with water intoxication is 
the only serious AE of desmopressin reported in children after intranasal or 
intravenous administration (Robson et al., 2007; Thumfart et al., 2005; Van de Walle 
et al., 2010). Therefore, the U.S. Food and Drug Administration and the European 
Medicines Agency removed the indication for the treatment of primary nocturnal 
enuresis from all intranasal preparations of desmopressin. 
 
The Cochrane Collaboration has comprehensively reviewed the use of desmopressin 
in children with nocturnal enuresis the in 2002 (Glazener and Evans, 2002). Experts 
affiliated with the International Children’s Continence Society have were recently 
updated previous guidelines for the evaluation and treatment of children with enuresis 
(Nevéus et al., 2020). The Cochrane Collaboration evaluated 47 RCT including a total 
of 3448 children, of whom 2210 had received desmopressin. Desmopressin relative to 
placebo reduced bed-wetting (e.g., a reduction of 1.34 wets/night (CI 1.11; 1.57) at a 
dose of 20 μg), and 98% and 81% of children became dry with desmopressin and 
placebo, respectively. However, enuresis was similar in the desmopressin and placebo 
groups after discontinuation of treatment, indicating that desmopressin provides 
symptomatic relief but does remove the underlying cause. While not all children 
respond sufficiently to desmopressin monotherapy, a markedly improved short-term 
success rate and decreased relapse rates was observed with a combination of 
desmopressin and an enuresis alarm (Alloussi et al., 2011). Similarly, the combination 
of desmopressin with muscarinic antagonists yielded better short- and long-term 
success rates and a lower relapse rate than desmopressin alone (Alloussi et al., 2009; 
Austin et al., 2008). A Cochrane Review showed that when imipramine combined 
with desmopressin was compared with imipramine monotherapy there was no 
different in outcomes. However, when imipramine plus desmopressin was compared 
with desmopressin monotherapy the combination was more effective with 15% not 
achieving 14 consecutive dry nights at the end of treatment for imipramine plus 
desmopressin vs. 40% for desmopressin monotherapy (Caldwell et al., 2016). 
 
The guidelines of the working group of the International Children’s Continence 
Society recommended active therapy from the age of 6 years (Nevéus et al., 2020). If 
enuresis is not monosymptomatic, parents should be advised on voiding and drinking 
habits. In enuresis is monosymptomatic or if the above strategy did not make the child 
dry, the first-line treatment modalities are desmopressin or the enuresis alarm. If both 
these therapies fail alone or in combination, treatment with a muscarinic antagonist is 
a possible next step. If the child is unresponsive to initial therapy, antidepressant 
treatment may be considered by the expert (Nevéus et al., 2020).   
 
8.2. Desmopressin in adults 

8.2.1. Desmopressin in adults with neurologic disorders 
 
Several studies investigated the use of desmopressin in the treatment of nocturia in adults 
including those with neurological disorders, e.g., MS (Eckford et al., 1995; Eckford et al., 
1994; Haddad et al., 2020). Administration of a single dose of desmopressin reduced 
nocturnal polyuria but, by design, did not assess nocturia (Eckford et al., 1995). Three 
small (16-33 patients each), placebo-controlled, double-blind trials reported a reduction in 
nocturia (Eckford et al., 1994; Hilton et al., 1983; Valiquette et al., 1996). Other small, 
controlled studies, most with a cross-over design, used micturition frequency within the 
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first 6 h after desmopressin administration but not nocturia as their primary endpoint and 
consistently found that desmopressin treatment for up to 2 weeks to be efficacious 
(Fredrikson, 1996; Hoverd and Fowler, 1998; Kinn and Harlid, 2003). While 
desmopressin treatment was generally well tolerated, 4 of 17 patients in one study 
discontinued treatment due to asymptomatic or minimally symptomatic hyponatremia 
(Valiquette et al., 1996). Based on these findings, desmopressin has been approved for the 
treatment of nocturia in MS patients (Cvetkovic and Plosker, 2005). A small open-label 
study found desmopressin to reduce nocturnal polyuria also in SCI patients (Zahariou et 
al., 2007). 
 
A recent systematic review on nocturia in neurological patients (MS, Parkinson’s disease, 
stroke, SCI) included 132 studies and found a nocturia prevalence ranging from 15% to 
96% depending on the pathology and definition used (Haddad et al., 2020). Causalities 
and treatments of nocturia do not appear to differ from the general population but are 
poorly studied in neurological patients. 
 
8.2.2. Desmopressin in non-neurologic conditions in adults 
 
Several trials have investigated the use of desmopressin in adults with nocturia in the 
apparent absence of neurological damage. They used different inclusion criteria, 
including having nocturnal polyuria or at least two nocturia episodes per night; the latter 
episode criterion is relevant because a single nightly episode typically has little impact on 
QoL (Tikkinen et al., 2010). Early studies mostly were based on an oral (Asplund et al., 
1999) or intranasally administered desmopressin dose of 20 μg (Cannon et al., 1999; 
Hilton and Stanton, 1982), and included ≤25 patients. Later trials in the NOCTUPUS 
program included 1003 screened patients, higher oral doses (0.1-0.4 mg), and a double-
blind treatment period of 3 weeks (Lose et al., 2004; Mattiasson et al., 2002; van 
Kerrebroeck et al., 2007). Of note, it was a specific design feature of these studies that 
they included an initial dose-titration phase, and only responders were then randomized to 
desmopressin vs. placebo. While this approach enriched for patients with proven 
nocturnal polyuria, it is biased to detect greater success rates than in the general nocturia 
population. A total of 632 and 422 patients entered the dose-titration and the double-blind 
phase of the three NOCTUPUS trials, respectively. All patients underwent a wash-out 
period after the dose-titration phase and before randomization. Moreover, the patients 
needed to have returned to baseline nocturnal diuresis before inclusion in the double-blind 
phase. Under these conditions, oral desmopressin (0.1, 0.2 or 0.4 mg) was effective in 
adult patients of both genders with nocturia: Men exhibited a reduction in nocturnal voids 
from 3.0 to 1.7 in the desmopressin vs. from 3.2 to 2.7 in the placebo group. In women, 
the number of nocturnal voids decreased from 2.92 to 1.61 with desmopressin as 
compared to a reduction from 2.91 to 2.36 with placebo. When clinical response was 
defined as ≥ 50% reduction in nocturnal voids from baseline, 34% and 3% of men 
receiving desmopressin or placebo, respectively were responders. In women, 46% and 7% 
treated with desmopressin of placebo, respectively, were responders.    
 
A later multi-center, double-blind, placebo-controlled RCT randomized patients to 
receive 10, 25, 50 and 100 µg of the orally disintegrating sub-lingual desmopressin, 
i.e., lyophilizate, formulation a treatment period of 4 weeks (Weiss et al., 2012). 
Approximately 90% of the subjects reported nocturnal polyuria, and 710 completed 
the study. Relative to placebo, 50 or 100 µg desmopressin reduced the number of 
nocturnal voids. Women also responded to the 25 µg dose, whereas the effect reached 
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statistically significant only with the 100 µg dose in men. The proportion of patients 
with a ≥33% reduction in the number of nocturnal voids (primary outcome measure; a 
lower level than in the NOCTOPUS program) exhibited a dose response. 
Hyponatremia was observed in 24 patients (3%) experienced and was more likely to 
occur in patients aged >65 years. 
 
A long-term (10-12 months) open-label study extension study involved 249 patients, who 
were known desmopressin responders indicated that the effect of desmopressin was 
sustained (Lose et al., 2004). However, confirming conclusion from the Cochrane 
Collaboration in children (Alloussi et al., 2011), a rebound effect occurred after 
discontinuation of treatment. Beneficial effects were also observed with desmopressin in 
an open-label pilot study in a nursing home setting (Johnson et al., 2006). 
 
Nocturia rarely is a stand-alone symptom in adults and typically occurs in the context of 
OAB in women (Irwin et al., 2008a) and of BPH in men, and mostly is linked to the 
presence of nocturnal polyuria. In a large population-based survey, 31.5% of men and 
38.5% of women reported nocturnal polyuria (Weiss et al., 2022). In community-dwelling 
men and women with ≥2 nocturnal voids/night about 75% of have nocturnal polyuria 
(Rembratt et al., 2006; Swithinbank et al., 2004). Among female OAB patients, about 74% 
have nocturia, and 62% of those with OAB and nocturia have nocturnal polyuria. Among 
men with nocturia, 83% have polyuria; 20% have polyuria alone, and 63% have polyuria 
in combination with another factor such as a small nocturnal bladder capacity or BOO 
(Chang et al., 2006). Seventy-three percent of α-blocker-resistant BPH patients 
experienced a ≥50% reduction in nocturnal voids with oral desmopressin (Rembratt et al., 
2003; Yoong et al., 2005), indicating that desmopressin combination therapy with α-
blockers and/or anticholinergics could be considered for patients with treatment–resistant 
nocturia. A randomized, double-blind, placebo-controlled study evaluating the long-term 
(1, 3, 6, and 12 months) efficacy and safety of low dose (0.1 mg) oral desmopressin in 
men with BPH aged ≥ 65 years reported that desmopressin reduced the number of 
nocturnal voids and the nocturnal urine volume (Wang et al., 2011a). 
 
As nocturia is a multifactorial symptom, it has been investigated whether desmopressin 
may be beneficial in patients with other symptoms in addition to nocturia. In a small, non-
randomized pilot study of men assumed to have BPH, desmopressin improved not only 
nocturia, but also reduced the overall IPSS (Chancellor et al., 1999). An exploratory, 
placebo-controlled, double-blind study in women with daytime urinary incontinence 
reported that intranasal administration of 40 μg desmopressin increased the number of 
leakage-free episodes 4 h after drug administration, an outcome parameter not typically 
used in studies for incontinence treatments (Robinson et al., 2004). One double-blind, 
placebo-controlled pilot study in OAB patients treated with 0.2 mg oral desmopressin 
reported a reduced number of voids along with an improved QoL (Hashim et al., 2009). 
Desmopressin reducing nocturnal voids and increasing the hours of undisturbed sleep 
relative to placebo in the above studies and was well tolerated. While these data indicate 
that desmopressin may be effective in treating voiding dysfunction not limited to 
nocturia, they are too sparse to allow treatment recommendations.  
 
8.3. Desmopressin and hyponatremia.  
 
The possibly clinically most important AE of desmopressin is hyponatremia, which can 
lead to a variety of other AE ranging from mild headache, anorexia, nausea, and vomiting 
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to loss of consciousness, seizures, and death. It usually occurs soon after start of treatment. 
The risk of hyponatremia appears to increase with age, presence cardiac disease, and 
increasing 24 h urine volume; it is higher in women than in men (Rembratt et al., 2003). 
A meta-analysis of data from desmopressin-treated patients reported an incidence of 
hyponatremia around 7.6% (Weatherall, 2004). A small study assessed the effects of a 1-
year oral desmopressin (0.2 mg) on serum sodium and baseline vasopressin secretion in 
15 elderly male patients with >3 voids per nightly, who did not show hyponatremia 
within 7 days of administration of 0.2 mg desmopressin (Bae et al., 2007). 24 h circadian 
studies were performed before and 1 month after the 1-year medication to monitor 
changes in vasopressin. Serum changes of electrolytes and timed urine chemistry were 
monitored every 3 months. The results showed that long-term desmopressin 
administration gradually decreased serum sodium and induced statistically, but as a group 
mean not clinically relevant, hyponatremia after 6 months of treatment. Administration of 
desmopressin for 1 year did not affect baseline antidiuretic hormone secretion. Such 
findings led to the recommendation that serum sodium should be assessed regularly, at 
least every 6 months, in patients receiving long-term desmopressin administration. 
 
The above efficacy data had indicated possible gender differences for responses to 
desmopressin. The increase in the incidence of hyponatremia dose-dependent, and at 
the highest dose level of 100 µg decreases in serum sodium were approximately 
twofold greater in women over 50 years than in men (Juul et al., 2011). Therefore, it 
was suggested to stratify the dosing recommendation by gender for an optimal 
efficacy/safety balance, 50- to 100 µg lyophilisate for men and  25 µg melt for 
women. Accordingly, single-gender trials were performed. In a comparison of 50 and 
75 µg desmopressin orally disintegrating tablets in 385 men with nocturia, both doses 
increased the time to first void from baseline by approximately 40 minutes compared 
to placebo  (Weiss et al., 2013a). The response to desmopressin was seen within a 
week of treatment and was accompanied by an increased HRQoL and sleep quality 
compared to placebo. Only 2 subjects aged 74 and 79 years, respectively, developed 
hyponatremia (Weiss et al., 2013a). A similar RCT in 261 women with nocturia 
applied 25 µg of desmopressin orally disintegrating tablets compared to placebo 
(Sand et al., 2013). Active treatment decreased the mean number of nocturnal voids 
compared to placebo and increased the mean time to first nocturnal void by 49 
minutes compared to placebo. As in men, the response was seen within the first week 
of treatment and sustained throughout the 3-month trial. Desmopressin was well 
tolerated with only three transient decreases in serum sodium level.  
 
The possibility of hyponatremia is intrinsically linked to the mechanism of action of 
vasopressin analogs. For safety reasons, the initiation of desmopressin is currently not 
indicated for patients aged ≥65 years. In older patients for whom treatment with 
desmopressin is indicated, monitoring of serum sodium at baseline and early during 
treatment can greatly lower the risk of developing hyponatremia. Other advice 
regarding treatment administration, such as restriction of evening fluid intake and 
adherence to recommended dosing, should be followed to minimize the risk of 
hyponatremia (Vande Walle et al., 2007).  
 
In conclusion, desmopressin is useful for children with nocturnal enuresis and adult 
patients with bothersome nocturia. Its efficacy has been documented in several 
placebo-controlled trials, where it was generally well tolerated except for rare cases of 
hyponatremia. Therefore, desmopressin is recommended as a first-line treatment 
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(either as monotherapy or in combination with other agents) for patients who have 
been appropriately evaluated and whose nocturia is related to nocturnal polyuria 
whether or not this is accompanied by OAB or BPH. There is no evidence nor 
mechanistic plausibility for an efficacy of desmopressin in subjects without nocturnal 
polyuria. 
 
8.4. Other drugs in enuresis 
 
In children, imipramine has been known to have favorable effects in the treatment of 
nocturnal enuresis with success rates up to 70% in some controlled trials (Caldwell et 
al., 2016).  A review of 64 tricyclic antidepressant trials for nocturnal enuresis in 4071 
children concluded that imipramine treatment reduced enuresis by one wet night per 
week (Caldwell et al., 2016). Although a fifth of the children became dry while on 
treatment, this effect was not sustained after treatment stopped. Specifically, 96% of 
children were wet at follow-up after ceasing imipramine vs. 97% for placebo. There is 
evidence that tricyclic antidepressants combined with anticholinergics may be more 
effective that tricyclic monotherapy. Specifically, there were about two fewer wet 
nights per week for children taking imipramine plus oxybutynin compared with 
imipramine monotherapy. Furthermore, AE from imipramine use in children include 
dizziness, headache, mood changes, gastrointestinal complaints, and neutropenia. The 
authors concluded that there was evidence that tricyclic antidepressants are effective 
at reducing the number of wet nights during treatment for nocturnal enuresis in 
children, but tricyclics do not have a sustained effect after treatment stops, with most 
children relapsing. 
 
The Cochrane Group have reviewed a total of 40 randomized or quasi-randomized 
controlled trials of 1780 children who were receiving an active drug other than 
desmopressin or a tricyclic antidepressant. 31 different drugs or classes of drug were 
tested. When compared to placebo, indomethacin, diazepam, mestorelone, and 
atomoxetine appeared to reduce the number of children failing to have 14 consecutive 
dry nights. Although indomethacin and diclofenac were better than placebo during 
treatment, they were not as effective as desmopressin and there was a higher chance 
of AE (Deshpande et al., 2012).    
 
9. Emerging drugs and drug targets 
 
Many potential drug targets for the treatment of OAB/DO have been explored in non-
clinical and clinical research and have previously been reviewed (Andersson et al., 
2018; Sacco and Bientinesi, 2015). These approaches can be grouped by route of 
administration such as trans-perineal, transrectal and transurethral (Andersson, 2015a) 
or as drugs acting peripherally or in the central nervous system, but in some cases the 
site of action remains unclear. They can also be grouped by level of evidence, for 
instance as negative clinical proof-of-concept data, promising animal data not yet 
tested clinically and targets with positive clinical proof-of-concept data. Details on 
some of the drugs under discussion are given below. 
 
9.1.1. Drugs and targets with negative clinical proof-of-concept data 
 
9.1.1.1. PG receptor agonists and antagonists  
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The major PGs PGD2, PGE2, PGF2α, prostacyclin (PGI2), and thromboxane A2 work 
on a family of receptors grouped into DP, EP, FP, IP, and TP subfamilies (Woodward 
et al., 2011). Interest in PG receptors is partly based on increased urinary PGE2 in 
OAB patients, but its proposed role as a biomarker of OAB has been questioned 
(Antunes-Lopes et al., 2014). Additional evidence comes from a demonstration of the 
presence of multiple PG receptors in the bladder (Ponglowhapan et al., 2010), PG 
receptor knock-out mice (McCafferty et al., 2008; Molnár et al., 2021), and data with 
ligands of various PG receptors in animal models of OAB (Hou et al., 2021; Jones et 
al., 2009). 
 
Intravesical installation of PGE2 can induce DO (McCafferty et al., 2008) and urine of 
patients with OAB contains elevated concentrations of PGE2 (Antunes-Lopes et al., 
2014). Among the 4 subtypes of EP receptors, EP1 and EP3 appear to mediate detrusor 
contraction, whereas EP2 and EP4 mediate relaxation (Hou et al., 2021). FP receptors 
also appear to mediate detrusor contraction, in some cases possibly even those of 
PGE2 (Stromberga et al., 2020). PG receptors can also be found in the urothelium 
(Rahnama'i et al., 2010; Rahnama’i et al., 2012; Stromberga et al., 2020) and may 
modulate afferent nerve activity (Schröder et al., 2004). 
 
Based on such findings, the EP1 receptor antagonist ONO-8539 had entered a double-
blind phase II proof-of-concept study randomizing 435 patients to receive placebo or 
30, 100 or 300 mg ONO-8539 or 4 mg tolterodine for 12 weeks (Chapple et al., 
2014b). While tolterodine as positive control reduced micturition frequency (primary 
endpoint) by 2.18 episodes/day, the active treatment with all three doses reduced 
frequency to a similar extent as placebo (1.02, 1.53 and 1.31 as compared to 1.40). 
These data suggest a small if any role of EP1 receptor inhibition in the treatment of 
OAB. While this does not exclude a role for other PG receptor subtypes, apparently 
no clinical trials for any other PG receptor modulator in OAB are ongoing. 
 
Activation of TP receptors, e.g., by thromboxane A2, has also been shown to cause 
contraction of human bladder detrusor and trigone (Hennenberg et al., 2017). 
 
9.1.1.2.Ca2+ channels 

Various ion channels have been identified in the LUT among which primarily 
subtypes of K+ and Ca2+ channels appear to be involved in the regulation of LUT 
function (Malysz and Petkov, 2020b) and TRP channels also appear to play a role in 
pathophysiological processes in the LUT and some of them have become drug targets 
(Andersson, 2019b; Deruyver et al., 2015; Malysz and Petkov, 2020a; Steers and 
Tuttle, 2009). K+ and TRP channels will be discussed in sections 9.1.2.4 and 9.1.2.5, 
respectively. 
 
Ca2+ channels are important regulators of free intracellular Ca2+ concentrations and 
thereby of smooth muscle tone (Figure 12) (Berridge, 2008). They are classified into 
voltage-gated (Catterall et al., 2003; Fröhlich et al., 1998) and store-operated channels 
(Leung et al., 2008). In contrast to smooth muscle in some other tissues, the role of store 
operated Ca2+ channels is limited in the regulation of bladder smooth muscle tone 
(Schneider et al., 2004a; Schneider et al., 2004b). In contrast, voltage-operated Ca2+ 
channels importantly regulate bladder smooth muscle tone including L-type channels 
(Wuest et al., 2007) and Q-type (Frew and Lundy, 1995) channels. The former is 
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particularly important because L-type channel inhibitors effectively inhibit in vitro 
bladder contraction in several mammalian species, including humans (Frazier et al., 
2008). In confirmation of the role of L-type Ca2+ channels, bladder contractility is 
markedly impaired in knock-out mice lacking a crucial subunit of this channel (Wegener 
et al., 2004). Moreover, diltiazem or verapamil, two inhibitors of L-type channels, 
attenuated the development of bladder hypertrophy in a rat BOO model (Steers et al., 
1994). However, the relative importance of L-type channels appears to be smaller in 
humans than in other mammals (Wuest et al., 2007). 
 
Only few clinical studies have investigated the effect of Ca2+ channel inhibitors on human 
bladder function. In a comparative urodynamic study the intravesical installation of 
oxybutynin and trospium increased bladder capacity relative to placebo in patients with 
urgency or UUI, whereas the Ca2+ channel inhibitor verapamil did not improve bladder 
function to a clinically relevant extent (Fröhlich et al., 1998). Similarly, the L-type Ca2+ 
channel inhibitor nimodipine (30 mg) did not statistically significantly improve the 
number of incontinence episodes relative to placebo in a small study (Naglie et al., 2002). 
Circumstantial evidence comes from the observation that neither impaired bladder 
contractility nor improvement of preexisting OAB were reported despite the long-
standing and wide-spread use of Ca2+ channel inhibitors in the treatment of cardiovascular 
disease. It remains to be determined why the Ca2+ channel inhibitors looked so promising 
in vitro but failed to exhibit corresponding effects in patients in vivo, but pharmacokinetic 
properties of the currently used compounds may play a role, i.e., that they insufficiently 
either reach and/or penetrate bladder tissue in therapeutically administered doses. In 
conclusion, a possible use of Ca2+ channel inhibitors in the treatment of bladder 
dysfunction is not supported by clinical data.  
 
Gabapentin and pregabalin are typically used for the treatment of neuropathic pain 
(Wiffen et al., 2017; Wiffen et al., 2013). One potential mechanism of action is through 
the high affinity binding to α2δ-1 subunits of the voltage-gated Ca2+ channel (Thorpe and 
Offord, 2010). Therefore, some studies have been performed to assess its efficacy in 
OAB. In a randomised double blind, double dummy placebo-controlled trial of patients 
with OAB, gabapentin and solifenacin were compared to placebo utilising flexible dosing 
regimens (Chua et al., 2018). Both gabapentin (up to 300 mg t.i.d.) and solifenacin (5 or 
10 mg) improved mean number of micturitions and urgency episodes compared to 
placebo, but gabapentin was statistically more effective than solifenacin in improving 
nocturia. AE were less with placebo and gabapentin compared to solifenacin. In those 
with neurogenic DO gabapentin was able to improve bladder diary and urodynamic 
parameters, notably maximum cystometric capacity, volume at first desire to void, 
volume at first involuntary contraction and maximum detrusor pressure during filling 
cystometry when compared to baseline (Carbone et al., 2006). A study in children with 
OAB suggested that gabapentin could be used as add-on therapy to antimuscarinics and 
was helpful in improving OAB symptoms in approximately 50% of cases (Ansari et al., 
2013). Finally, a randomised double-blind placebo-controlled trial evaluated pregabalin 
alone twice daily or tolterodine ER alone once daily or in combination with normal or 
half strength dosing in women with OAB (Marencak et al., 2011). The increase in MVV 
was greater in standard dose pregabalin/tolterodine combination (39.5 mL) vs. either 
pregabalin (27.4 mL) or tolterodine (15.5 mL) alone; all treatments were well tolerated. In 
light of the above data on L-type Ca2+ channel inhibitors used in cardiovascular medicine 
in OAB patients, it remains to be determined whether the promising effects of gabapentin 
and pregabalin are mediated by Ca2+ channel inhibition. 
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9.1.2. Drugs and targets with positive clinical proof-of-concept data 
 
9.1.2.1. Neurokinin receptor antagonists  
 
The tachykinins/neurokinins substance P, neurokinin A (also known as neurokinin α, 
neuromedin L or substance K) and neurokinin B (also known as neurokinin β or 
neuromedin K) act on NK1, NK2 and NK3 receptors, respectively (Alexander et al., 
2021). There are major species differences in the recognition profile of non-peptide 
small molecules for all three receptors, which makes the extrapolation of data from 
animal experiments to humans challenging for at least some compounds. 
 
Neurokinins (Coveñas et al., 2003) and their three receptors are found in various parts 
of the CNS including those involved in micturition control (Saffroy et al., 2003). 
Accordingly, neurokinins are modulators of the micturition reflex at the central and 
peripheral level, which includes effects on afferent transmission to supraspinal sites 
and descending inputs to the sacral parasympathetic nucleus; these effects make it 
plausible that tachykinin receptor antagonists should affect micturition in pathological 
states with little effect on normal bladder function (Lecci and Maggi, 2001). Within 
the bladder, tachykinins are found in nociceptive cells that are sensitive to capsaicin 
(Lecci and Maggi, 2001). Thus, activation of such cells releases tachykinins to cause 
neurogenic inflammation. Tachykinin receptor antagonists including aprepitant, 
netupitant and serlopitant have been tested in animal models of bladder dysfunction 
and in patients. Of note, some tachykinin receptor antagonists such as aprepitant and 
fosprepitant have been authorized for clinical use in combination with other 
antiemetic agents for the prevention of nausea and vomiting associated with 
emetogenic cancer chemotherapy (Alexander et al., 2019). 
 
In a rat cyclophosphamide/lipopolysaccharide cystitis model, aprepitant reduced 
bladder inflammation, reduced PGE2 and TNF-α content and expression of NK1, EP1, 
EP2 and P2Y2 receptors (Zhang et al., 2016). Similarly, aprepitant also improved 
inflammation, and additionally reduced micturition frequency and bladder 
enlargement, and increased pain threshold in a mouse experimental autoimmune 
cystitis model; in contrast to the rat study, expression of NK1 receptors was not 
altered (Liu et al., 2019). In randomized, 8-week pilot study in 125 postmenopausal 
women with OAB and a history of UUI or mixed incontinence (with predominantly 
UUI), 160 mg aprepitant as compared to placebo improved symptoms of OAB (Green 
et al., 2006). Number of micturitions (primary endpoint) was reduced by 10.2 ± 17.9 
% as compared to 3.3 ± 16.3% (mean difference -6.8 [CI -12.5; -1.1]. This effect size 
is promising as compared to improvement achieved by muscarinic antagonists, 
although indirect comparisons between studies are challenging. Number of urgency 
episodes was also reduced whereas a reduction in total or UUI episodes did not reach 
statistical significance with the given sample size and variability. Aprepitant was 
generally well tolerated and the incidence of side effects, including dry mouth, was 
low. While more than 200 other clinical studies with aprepitant have been or currently 
are performed in other indications, apparently none of them has a primary or key 
secondary endpoint related to bladder dysfunction. This may reflect that aprepitant is 
vulnerable to several drug-drug interactions, which makes it less attractive in benign 
conditions (Frenkl et al., 2010). 
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Serlopitant apparently is a successor molecule to aprepitant. While no pre-clinical 
studies for serlopitant have been disclosed, a randomized, a 5-armed, double-blind, 
multicenter trial with 557 adults with OAB compared 0.25, 1 or 4 mg serlopitant, 4 
mg tolterodine ER and placebo during an 8-week study (Frenkl et al., 2010). The 
mean change of frequency from baseline (primary endpoint) did not exhibit a dose-
response relationship in the tested range (0.25 mg: -1.1; 1 mg: -0.8; 4 mg -1.1 as 
compared to placebo -0.5) and did not exceed the effect of tolterodine (-1.5). 
Tolterodine was also more effective than any serlopitant dose for the secondary 
endpoints of UUI and particularly for urgency episodes. Serlopitant was generally 
well tolerated and had a lower incidence of dry mouth (3.3%) as compared to 
tolterodine (8.8%; placebo 4.6%). Apparently, serlopitant has not been pursued 
further for the treatment of OAB, perhaps reflecting its lack of superiority as 
compared to tolterodine. 
 
Another NK1 receptor antagonist, netupitant, blocked excitatory effects on guinea pig 
L6 and S1 dorsal root ganglion cells (Zhang et al., 2012). Netupitant reduced 
contractions elicited by a substance P analog in isolated detrusor strips with high 
potency (pKB D 9.24) without affecting contraction amplitude, as did the 
experimental NK1 antagonist L-733,060 (Palea et al., 2016). In an acetic acid model 
of OAB in guinea pigs, netupitant increased inter-contraction intervals without 
affecting the contraction amplitude (Palea et al., 2016). A phase II, multicenter, 
double-blind study compared an 8-weeks treatment with 3 doses of netupitant (50, 
100, 200 mg) with placebo in adults with OAB symptoms >6 months (Haab et al., 
2014). However, netupitant at any dose was not superior to placebo for change in 
number of daily micturitions at week 8 (primary endpoint) or secondary endpoints 
such as urinary incontinence, UUI, and urgency episodes. No further studies of 
netupitant related to bladder dysfunction have been reported. 
 
Cizolirtine is a modulator of substance P and CGRP release in the spinal cord, most 
likely secondary to increased extracellular levels of noradrenaline and serotonin. A 
pilot study compared 200 and 400 mg b.i.d. of cizolirtine to placebo in 79 OAB 
patients (Martínez-García et al., 2009). Although the decrease in key OAB symptoms 
of incontinence and urgency episdoes was greater in the active arms, AE were 
frequent (68% and 81% of the patients on cizorlitine 200 and 400 mg as compared to 
39% with placebo) and most commonly of gastro-intestinal nature including dry 
mouth and vomiting. A follow-up study compared 800 mg cizolirtine with 15 mg 
oxybutynin and placebo in 135 OAB patients treated for 12 weeks (Zatura et al., 
2010). Cizolirtine was similar to oxybutynin and superior to placebo for endpoints 
such as number of daily voids and increase in MVV; both were also superior to 
placebo in fraction of patients achieving fewer than 8 voids, complete dryness, or both 
over placebo. Cizolirtine caused fewer antimuscarinic but more gastrointestinal 
(nausea) and neurologic (headache and vertigo) AE than oxybutynin. Apparently, no 
additional studies have been or currently are performed. 
 
In conclusion, animal models suggested that NK1 receptor antagonists may have a 
role in the treatment of OAB. While at least some clinical studies demonstrated 
superiority over placebo, superiority over muscarinic antagonists has not been 
demonstrated, and this drug class apparently is no longer pursued for the treatment of 
OAB. An alternative approach could be not to antagonize neurokinin receptors but to 
reduce neuropeptide release. 

has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 14 March 2023 as DOI 10.1124/pharmrev.121.000523 This article

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 139

 
9.1.2.2. Vitamin D3 receptor agonists  
 
Epidemiological studies from multiple countries have reported inverse associations 
between circulating levels of vitamin D3 and LUTS. For instance, urinary flow rate was 
positively associated with vitamin D3 levels (Cheng et al., 2021). On the other hand, low 
levels were associated with urinary incontinence (Kilic et al., 2016) and such association 
was confirmed in other populations and persisted upon multivariate analysis adjusting for 
factors such as ethnicity or age (OR 1.8) (Vaughan et al., 2011). Moreover, low levels 
were observed in winter and during that season, but not in other seasons where levels 
were higher, were associated with higher OAB symptom scores (Yoo et al., 2018). 
 
Such associations are plausible based upon the observation that rat and human bladders 
express receptors for vitamin D (Crescioli et al., 2005). Considering this background, a 
pilot study reported that vitamin D3 supplementation improved UUI (Markland et al., 
2019). Such data spawned research programs on synthetic vitamin D3 analogs, among 
which a program on elocalcitol, formerly known as BXL-628 has reported the largest 
amount of data, not only on bladder and incontinence but also on prostate and BPH. In 
human bladder smooth muscle cells, elocalcitol did not alter the expression of rho kinase 
I or II and neither did upon in vivo treatment of rats; however, treatment with elocalcitol 
delayed contractile responses in isolated bladder strips (Morelli et al., 2007). On the other 
hand, treatment with elocalcitol increased expression of L-type Ca2+ channels in detrusor 
smooth muscle (Morelli et al., 2008), which may lead to greater contractile responses 
based on the role of such channels in bladder contraction (Frazier et al., 2008). Elocalcitol 
improved bladder function in several rat models of OAB including acetic acid-induced 
overactivity (Shapiro et al., 2013) or BOO (Schröder et al., 2006; Streng et al., 2012). The 
latter study also found that a muscarinic agonist became more effective in elocalcitol-
treated animals. Elocalcitol has improved bladder function in the cyclophosphamide rat 
model of cystitis (Shapiro et al., 2013). Another vitamin D3 analog, maxacalcitol at 30 but 
not 15 µg/kg/d reduced DO in a retinyl acetate rat model of OAB (Wróbel and 
Rechberger, 2016). 
 
Against this background, a phase IIb, multi-center, double-blind proof-of-concept study 
has compared elocalcitol doses of 75 and 150 µg with placebo during a 4-week treatment 
in 308 women with OAB and idiopathic DO (Digesu et al., 2012). The primary endpoint 
of this study was the change in bladder volume at first involuntary bladder contraction 
from baseline; this endpoint was not met. However, reductions in incontinence episodes 
and improvements in PPBC score were observed. Elocalcitol was well tolerated with no 
difference in AE as compared to placebo. Apparently, no further clinical studies of 
elocalcitol or other vitamin D3 analogs are ongoing in OAB or cystitis patients.  
 
9.1.2.3.Cannabinoid system – exocannabinoids; fatty acid amide hydrolase inhibitors  
 
The cannabinoid system consists of enzymes involved in the generation of 
endogenous cannabinoids such as N-arachidonoyl ethanolamine (anandamide) and 2-
arachidonoyl glycerol and of receptors on which they act. Endocannabinoids are 
generated after cyclooxygenase formed arachidonic acid that is further metabolized by 
several enzymes including transacylase and phospholipase D. The two well-defined 
cannabinoid receptor subtypes are CB1 and CB2, but effects of cannabinoids on 
additional receptors, e.g., GPR55, cannot be excluded (Pertwee et al., 2010; Ruggieri, 
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2011). Activation of peripheral CB1 receptors is typically associated with vasodilation 
and regulation of via inhibition of neurotransmitter release, whereas activation of CB2 
appears to induce anti-inflammatory, antinociceptive, and immunosuppressive actions 
(Pertwee et al., 2010; Ruggieri, 2011; van Diepen et al., 2008). The inactivation of 
endocannabinoids involves transporters and the enzyme fatty acid amide hydrolase 
(FAAH). The role of the cannabinoid system in the regulation of bladder function has 
been explored in healthy animals and models of three diseases, neurogenic voiding 
dysfunction, particularly in the context of MS, BOO and other models of OAB, and in 
cystitis. 
 
Cannabinoid system in normal bladder function 
 
Cannabinoid receptors exist not only in the brain but also in peripheral tissues 
including the healthy and diseased bladder (Hedlund, 2014; Hedlund and Gratzke, 
2016; Ruggieri, 2011). Both subtypes, CB1 and CB2 receptors, were identified in all 
layers of the human bladder including the urothelium (Bakali et al., 2014; Gratzke et 
al., 2009; Merriam et al., 2008; Ochodnicky et al., 2012; Tyagi et al., 2009b; Walczak 
and Cervero, 2011). CB2 receptor expressing nerves in the suburothelium co-
expressed TRPV1 and/or CGRP, whereas those in the detrusor also co-expressed the 
vesicular ACh transporter, indicating that they represent cholinergic neurons. 
 
In isolated detrusor strips from rats, monkeys or humans, the endogenous agonist 
anandamide and the exogenous agonists CP 55,940 or cannabinor did not affect basal 
tone or carbachol-induced contractions (Gratzke et al., 2009; Gratzke et al., 2010); 
however, contractions induced by field stimulation were enhanced by anandamide and 
attenuated by CP 55,940, indicating that these agents act predominantly pre-
junctionally in isolated detrusor (Gratzke et al., 2009; Gratzke et al., 2010). At least at 
some stimulation frequencies, cannabinor reduced contraction induced by field 
stimulation in the presence but increased it in the absence of urothelium (Gratzke et 
al., 2010). Similarly, the mixed CB1/CB2 agonist arachidonyl-2'-chloroethyl amide did 
not affect basal but attenuated field stimulation-induced tension of isolated rat 
detrusor strips (Blaha et al., 2016). In contrast, cannabigerol, Δ9-
tetrahydrocannabivarin, cannabidiol and cannabidivarin, but not cannabichromene 
were reported to inhibit contraction of isolated mouse detrusor induced by 
acetylcholine; however, none of them inhibited contraction induced by field 
stimulation (Pagano et al., 2015); similarly, the mixed CB1/CB2 agonist Bay 59-3047 
was reported to inhibit ACh- or KCl-induced contraction in rat isolated bladder strips 
(Chen et al., 2018). Whether these differences can be attributed to species or specific 
compounds under investigation cannot be determined from the present data. In guinea 
pig bladder, methanandamide and the CB2-selective agonist 4-quinolone-3-
carboxyamide inhibited mechanosensitive afferent fiber activity in an ex vivo 
preparation, an effect blocked by a CB2 receptor antagonist (Christie and 
Zagorodnyuk, 2021). Taken together these data indicate that cannabinoids may 
modulate bladder function in vitro at the levels of smooth muscle, detrusor, afferent 
and efferent nerves, but these observations were not made universally. 
 
In cystometric studies in rats, anandamide, CP 55,940 and cannabinor increased 
threshold pressure, but micturition intervals were shortened by anandamide and 
lengthened by CP 55,940 or a high dose of cannabinor (Gratzke et al., 2009; Gratzke 
et al., 2010). The anandamide transport inhibitor VDM11 also increased threshold 
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pressure in rats and increased inter-contraction intervals in rats (Honda et al., 2016). 
These data suggest a consistent effect of cannabinoids on threshold pressure, with 
effects on micturition intervals being compound specific. On the other hand, 
administration of the CB1 antagonist rimonabant or the CB2 antagonist SR 144,528 
induced DO in healthy rats, which was counteracted by an inhibitor of FAAH 
(Füllhase et al., 2016). Additional evidence for a role of cannabinoids in the 
regulation of bladder function comes from proteomic studies comparing potential 
urinary biomarkers between regular cannabis users and controls (Nedumaran et al., 
2017). 
 
Neurogenic LUT dysfunction 
 
In a mouse model of SCI, cannabidiol attenuated pro-inflammatory mediators, T cell 
and infiltration and thermal sensitivity and failed to improve bladder function (Li et 
al., 2018a). Nonetheless, multiple clinical studies have been performed in which 
patients with MS or other types of neurogenic LUT dysfunction were treated with 
cannabinoids.  
 
Several placebo-controlled RCT in MS patients have investigated effects of 
cannabinoids on bladder function. The CAMS trial administered 4-10 capsules 
(depending on body weight) of placebo, a cannabis extract containing 1.25 mg of 
cannabidiol, or 2.5 mg Δ9-tetrahydrocannabinol for 13 weeks to 630 MS patients 
(Freeman et al., 2006). Based on 3-day voiding diaries, placebo, extract and Δ9-
tetrahydrocannabinol reduced number of incontinence episodes by 18%, 38% and 
33%, respectively, a reduction of 25% and 19% compared to placebo. The extract and 
Δ9-tetrahydrocannabinol also improved pad tests (secondary outcome parameter) as 
compared to placebo, but not urodynamic tests or KHQ. 
 
Several other studies assessed effects of an oromucosal spray containing a 
combination of 2.5 mg each of cannabidiol and Δ9-tetrahydrocannabinol (nabiximols, 
Sativex®). Following an open-label dose finding study in which urgency, 
incontinence, frequency and nocturia were improved relative to baseline (Brady et al., 
2004), a 10-week, double-blind, randomized, placebo-controlled, parallel-group trial 
on 135 subjects with MS and OAB was performed (Kavia et al., 2010). While no 
difference was found between treatment groups for the primary endpoint incontinence 
and three of the seven secondary endpoints (urgency, I-QOL and MVV), data in favor 
of active treatment was observed for frequency, nocturia, overall bladder condition 
and patient global impression of change. Thereafter, three non-interventional studies 
were reported with the same preparation: In one study, 433 patients were included of 
which 349 exhibited a reduction of spasticity of at least 20% after 1 month and 281 
after 3 months and continued the study and reported an improvement of spasticity and 
bladder function (Vermersch and Trojano, 2016). Another post-marketing 
surveillance study in 102 patients observed for 40 weeks; among the 46 patients with 
assessments, an improvement of IPSS relative to baseline was observed (Paolicelli et 
al., 2016). A third non-interventional study was small (15 patients) but primarily 
explore effects on bladder function (Maniscalco et al., 2018). Treatment was 
associated with an improvement of the OAB symptom score from 17 at baseline to 12 
and a reduction of postvoid residual from 80 to 30 mL; in contrast, various 
cystometric parameters were not affected.  
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A meta-analysis of 2 RCT (Freeman et al., 2006; Kavia et al., 2010) and one open-
label study (Brady et al., 2004) of the combination of 2.5 mg each of cannabidiol and 
Δ9-tetrahydrocannabinol found that the combination reduced the number of daily 
incontinence episodes by 0.35 episodes more than placebo (Abo Youssef et al., 2017). 
Another meta-analysis included 9 randomized studies of various cannabinoids and 
endpoints and reported an improvement of bladder function by 0.29 standard 
deviations for cannabis extracts [0.09; 0.50] and 0.11 standard deviations for 
cannabinoids [0.0008; 0.20] (Torres-Moreno et al., 2018). These data indicate a 
moderate efficacy of cannabis extracts and cannabinoids on bladder dysfunction in 
MS patients, but the findings were not sufficiently robust to be detected in all 
individual studies. 
 
DO 
 
Cannabinoids have been tested in various, largely rat, models of DO. Reduced 
expression of CB1 and CB2 receptors in the detrusor was observed in Zucker diabetic 
fatty rats (Blaha et al., 2016) and fructose-fed rats (Chen et al., 2018), whereas an 
increased expression of CB1, but not CB2 receptors was observed in detrusor and 
urothelium of BOO rats (Gratzke et al., 2011). Irrespective of such differences in 
receptor expression, the tested cannabinoids improved bladder function in all studies. 
This was observed based on detrusor strip experiments with the mixed CB1/CB2 
agonist Bay 59-3047 in fructose-fed rats (Chen et al., 2018), and with arachidonyl-2'-
chloroethyl amide in Zucker diabetic fatty rats (Blaha et al., 2016). It was also 
observed in cystometric in vivo experiments in rats with acute installation of the CB1 
agonist WIN 55,212-2 or the CB2 agonist CB65 (Kim et al., 2017b) or cannabinor in 
BOO (Gratzke et al., 2011), with peripheral but not intrathecal administration of the 
CB1 antagonist AM 251 (Jiang et al., 2017) and with CP 55,940 in acetic acid-induced 
bladder irritation (Bakali et al., 2016). On the other hand, the CB1 and CB2 
antagonists AM 281 and AM 630, respectively, diminished the severity of 
hyperosmolar saline-induced DO (Juszczak and Maciukiewicz, 2015). 
 
Endocannabinoids may also work via the GPR55 receptor. One group tested O-1602, 
a cannabidiol analog and agonist for GPR55, in several rat models of overactivity 
including spontaneously hypertensive rats (Wróbel et al., 2020a), rats with 
corticosterone treatment (Wróbel et al., 2020b) and those exposed to retinyl acetate 
(Wróbel et al., 2020d). In all three models and in one of cystitis (see below), O-1602 
reduced DO and improved various parameters of inflammation and oxidative damage.  
 
In conclusion, cannabinoids improved bladder function in all tested DO models, 
except when administered intrathecally, indicating that they may mainly act at a 
peripheral level. To which extent this involves CB1, CB2 or GPR55 receptors, remains 
to be established. Clinical studies in OAB patients have not been reported to our 
knowledge. 
 
FAAH 
 
FAAH is the most important enzyme for the degradation of endogenous cannabinoids 
including anandamide . It is co-expressed with CB2 receptors in the mucosa of mouse, 
rat and human bladder (Strittmatter et al., 2012). This provided a rationale to 
investigate FAAH inhibitors as potential treatments in several animal models of 
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bladder dysfunction. I.v. or intravesical administration of the FAAH inhibitor oleoyl 
ethyl amide increased inter-contraction intervals, micturition volume, bladder capacity 
and threshold pressure healthy rats; the effects of oleoyl ethyl amide were abolished 
by the CB2 receptor antagonist SR 144,528, whereas the CB1 antagonist rimonabant 
attenuated only those on threshold pressure (Strittmatter et al., 2012). The peripherally 
restricted FAAH inhibitor URB 937 reduced PGE2-induced DO and activation of 
mechanosensitive afferent nerves (Aizawa et al., 2016). Oleoyl ethyl amide also 
reduced DO in rats with BOO, and similar findings were obtained the rimonabant or 
SR 144,528 (Füllhase et al., 2016). 
 
FAAH knockout mice exhibited greater increases in anandamide upon administration 
of cyclophosphamide than wild-type animals (Wang et al., 2015c). Intravesical NGF 
caused DO in wild-type mice, which was inhibited by arachidonyl-2'-chloroethyl 
amide; no effect of NGF was observed in FAAH knock-out mice, but it was restored 
by the CB1 antagonist AM 251 (Wang et al., 2015b). The FAAH inhibitor URB 937 
reduced voiding contractions in lipopolysaccharide-induced cystitis in rats and in the 
same doses decreased levels of anandamide, but increased those of palmitoyl 
ethanolamide (Charrua et al., 2020). Taken together, these animal data suggest that 
FAAH may be an attractive therapeutic target for bladder dysfunction, but clinical 
trials with the FAAH inhibitor BIA-10-2474 in indications outside the LUT have 
yielded disastrous neurological side effects (Kerbrat et al., 2016). 
 
9.1.2.4.K+ channels 
 
Various types of K+ channels exist and many of them apparently are involved in the 
regulation of bladder smooth muscle tone (Gopalakrishnan and Shieh, 2004; Malysz 
and Petkov, 2020b; Parajuli et al., 2016). The opening of K+ channels typically lead to 
hyperpolarization of cells and, in the case of smooth muscle, to relaxation. Therefore, 
various compounds targeting different types of K+ channels as activators have been 
tested in vitro, in animals and in patients as possible treatments for OAB/DO. This 
drug class has been confronted with two key challenges: Firstly, it has proven difficult 
to identify compounds with marked selectivity for one class of K+ channel or even 
specific channel within a family. Second, K+ channels are also involved in the 
regulation of vascular smooth muscle and cardiomyocyte function; drug candidates 
for the treatment of OAB/DO should exhibit efficacy on the bladder at 
concentrations/doses that largely lack effects on blood vessels and heart. Such 
considerations have sometimes led to clinical proof-of-concept studies that used 
possibly suboptimal drug doses to avoid cardiovascular side effects. Overall, only few 
K+ channel openers with promising animal data have been tested clinically. 
 
Big K+ channels (BK channels) have been shown to play an important role in urinary 
bladder smooth muscle excitability and contractility (Figure 12) (Hanna-Mitchell et 
al., 2016; Petkov, 2014). Animal studies have demonstrated a reduction in smooth 
muscle excitability via activation of BK channels, mediated by 17β-estradiol (Kim 
and Yang, 2016; Provence et al., 2015). Studies in isolated rat bladder strips have 
indicated that BK channels may play a role in relaxation elicited by the β-AR agonist 
isoprenaline if pre-contraction was elicited by a high KCl concentration, but not if it 
was tested against passive tension (Frazier et al., 2005). At present the interspecies 
variation in experimental animal models means that the precise functional role of BK 
channels in human urinary bladder smooth muscle cells remains uncertain (Malysz 

has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 14 March 2023 as DOI 10.1124/pharmrev.121.000523 This article

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 144

and Petkov, 2020a). But it is likely that this represents an exciting target for the 
development of therapeutic interventions in the future. 
 
ZD0947, an opener of ATP-sensitive K+ channels, has been tested in a phase II study 
with a daily dose of 25 mg administered for 12 weeks as compared to placebo 
(Chapple et al., 2006). Based on >90 patients per arm, ZD0497 showed no relevant 
benefit for the primary endpoint, MVV, or any of the secondary endpoints, i.e., 
number of micturitions and incontinence episodes. 
 
Flupirtine has been marketed as a centrally acting, non-opioid analgesic for more than 
30 years and is believed to largely act by modulating KCNQ type (Kv7) K+ channels. 
Based on positive effects in several animal models, flupirtine has been tested in a 
phase II study that had planned to administer 400 mg to be up-titrated to 600 mg for 
12 weeks in comparison to placebo and tolterodine. However, the study was halted 
prematurely due to unexpected frequent hepatotoxicity of flupirtine (Michel et al., 
2012). The full analysis set included 189 patients (76, 39 and 74 on flupirtine, 
tolterodine and placebo, respectively) with at least one efficacy assessment during 
treatment at time of discontinuation of the trial, but the per protocol set included only 
88 (38, 18 and 32) who had reached the 8-week assessment point without major 
protocol violations. In the latter, flupirtine was more effective than placebo for the 
primary endpoint of urinary frequency but less effective than tolterodine. Due to the 
small sample sizes upon premature discontinuation, these data are not conclusive. 
While flupirtine is obviously unsuitable as a treatment for OAB/DO due to its liver 
toxicity, other agents acting on KCNQ channels remain under investigation. 
 
Exploratory studies of odulation of BK channels with gene therapy has recently been 
reviewed (Andersson et al., 2021). URO-902 is a 6880-base-pair naked plasmid DNA 
that incorporates a DNA sequence synthesized from mRNA encoding the human BK 
channel α subunit. Phase I studies in women with OAB administered gene therapy 
either by injection or instillation into the bladder (Rovner et al., 2020). The observed 
AE did not prevent dose escalation, and none of the 34 patients withdrew due to AE. 
Most reported AE were mild and judged as unlikely to be treatment-related. The 
instillation study exhibited a trend towards a reduction in involuntary detrusor 
contractions on urodynamics and in mean UUI episodes as compared to placebo. The 
injection gene therapy study observed reductions in urgency episodes and number of 
voids 1 week post injection as compared to placebo. 
 
9.1.2.5. TRP channel family – TRP channel antagonists 
 
TRP channels comprise a large superfamily of cation channels. The human family 
includes of 27 channels that are grouped into six subfamilies: TRPC (canonical), 
TRPV (vanilloid), TRPM (melastatin), TRPP (polycystin), TRPML (mucolipin) and 
TRPA (ankyrin) (Nilius and Szallasi, 2014). These ubiquitously present channels can 
be activated by a wide range of physical and chemical stimuli, which makes them can 
act as polymodal cellular sensors that are involved in numerous sensory and 
homeostatic processes (Deruyver et al., 2015). TRP channels, including TRPV1, 
TRPV2, TRPV4, TRM4, TRPM8 and TRPA1 are highly expressed in primary 
afferent neurons but are also found in other cell types including the urothelium, some 
interstitial cells and detrusor smooth muscle (Andersson, 2019b). TRP channels in the 
LUT are mainly involved in nociception and mechanosensory transduction 
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(Andersson, 2019b). However, it remains to be established how the individual 
channels modulate normal and pathological LUT function. 
 
TRPV1 antagonists 
 
Within the TRPV subfamily (TRPV1–6), TRPV1 is has been characterized most 
intensively regarding its morphology, function in animal models and, to some extent, 
the clinical translation of its manipulation (Nilius and Szallasi, 2014). TRPV1 is 
highly expressed in C-fibers innervating the urinary bladder and urethra in several 
mammalian species including rats, mice, and humans (Deruyver et al., 2015). It plays 
an integral role in modulating the excitability of afferent nerves of the bladder and the 
generation of hypersensitivity induced by bladder inflammation (Birder et al., 2002).  
 
Selective TRPV1 antagonists were found to be promising candidates for the treatment 
of bladder overactivity and/or inflammation-induced bladder dysfunction in several 
animal models including bladder hypersensitivity in mice with lipopolysaccharide-
induced cystitis and in rats with neurogenic DO after SCI (Deruyver et al., 2015). 
Moreover, social stress led to the development of OAB by the induction of TRPV1-
dependent afferent nerve activity in 6-week-old male mice, indicating that TRPV1 can 
be an interesting target to prevent the development of stress-induced OAB in children 
(Mingin et al., 2015). In line with these finding in animal models, an increased 
expression of TRPV1 was found in the urothelium of 21 women with OAB as 
compared to nine healthy controls; the extent of urothelial TRPV1 expression was 
closely correlated to OAB occurrence (Zhang et al., 2015a). 
 
Unfortunately, systemically administered TRPV1 antagonists can induce 
hyperthermia in animal models and humans (Deruyver et al., 2015; Round et al., 
2011), which limits a possible clinical use. However, oral administration of 
NEO6860, a moderately selective TRPV1 antagonist, did not lead to a clinically 
relevant increase in temperature or heat pain threshold/tolerance in a phase I study in 
healthy volunteers in doses that appeared to be effective as determined by an 
antagonistic effect on intra-dermal capsaicin-induced pain (Brown et al., 2017). 
Whether the new class of TRPV1 antagonists has also a beneficial effect on OAB 
remains to be clarified. 
 
Therefore, most studies in the field of TRPV1 ligands have focused on two naturally 
occurring toxins, capsaicin and resiniferatoxin (RTX). Both primarily activate TRPV1 
receptors but cause rapid and long-lasting desensitization leading to functional 
inhibition, specifically of afferent C-fibers (Szallasi and Blumberg, 1999). In patients 
with NDO, C-fiber desensitization inactivates the sacral micturition reflex (de Groat, 
1997). This sacral reflex emerges in chronic spinal-cord lesions above sacral segments 
(Cruz et al., 1997a; Cruz et al., 1997b; de Groat, 1997), in chronic bladder outlet 
obstruction (Chai et al., 1998), and in OAB (Silva et al., 2002). In all conditions an 
increase in neuronal and urothelial TRPV1 expression was observed in the bladder 
(Brady et al., 2005; Liu and Kuo, 2007; Smet et al., 1997) which correlates with 
urgency sensation (Liu et al., 2007). TRPV1 expression decreases after intravesical 
application of vanilloids (Apostolidis et al., 2005a; Apostolidis et al., 2006a; 
Apostolidis et al., 2006b). 
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Capsaicin was the first vanilloid to be instilled in the bladder as a 1-2 mM solution in 
30% alcohol to treat NDO, and its effects were explored in six non-controlled trials (Cruz 
et al., 1997b; Das et al., 1996; De Ridder et al., 1997; Fowler et al., 1994; Fowler et al., 
1992; Geirsson et al., 1995). The clinical results looked most promising among patients 
with incomplete spinal cord lesions. A regression of the incontinence and urge sensation 
was found after capsaicin instillation in 10 NDO patients in the only controlled study, 
whereas only 1 of the 10 patients receiving vehicle had clinical improvement (de Sèze et 
al., 1998). However, alcoholic capsaicin solutions cause pungency, which has prevented 
their widespread use; no recent studies were identified. 
 
RTX has lower pungency (Cruz et al., 1997b), offering the possibility of its instillation 
not only in NDO patients who lost bladder sensation but also in OAB and BPS/IC 
patients. Five small open-label studies in NDO patients have initially explored the 
intravesical administration of RTX at different concentrations ranging 10 nM to 10 μM 
(Cruz et al., 1997b; Kuo, 2003; Lazzeri et al., 1997; Lazzeri et al., 1998). In selected 
patients an improvement or disappearance of incontinence and a decrease in daily urinary 
frequency were reported.  
 
A placebo-controlled urodynamic study in patients with NDO due to SCI found an 
increase in the volume for first detrusor contraction and maximal cystometric capacity in 
the RTX arm (Silva et al., 2005). Another study in 25 patients with NDO due to chronic 
SCI compared RTX 600 nM to onabotA 300U (Giannantoni et al., 2004). Both 
neurotoxins improved the number of incontinence episodes and maximum bladder 
capacity, but onabotA was more effective. A proof-of-concept study with intravesical 
RTX in patients with idiopathic DO showed that intravesical instillation of RTX 50 nM 
improved the volume for first detrusor contraction and maximal cystometric capacity 
(Silva et al., 2002), which was accompanied by a reduced number of UUI episodes and 
voids. These observations were confirmed in small open label trials using either a single 
high (50-100 nM) or multiple low (10 nM) dose approaches (Kuo, 2003; 2005). 
 
A specific decrease on urgency was reported in males with LUTS and large prostates in a 
small non-controlled study (Dinis et al., 2004). Three randomized or quasi-randomised 
clinical trials investigated the effect of RTX on refractory OAB but yielded contradictory 
results. One study randomised 54 patients to receive 4-weekly instillations of a low 
concentration RTX solutions (10 nM) or the vehicle solution, 10% ethanol in saline (Kuo 
et al., 2006). After 3 months, 42.3% and 19.2% of patients in the RTX group felt much 
better or improved, respectively, as compared to 14.2% and 7.1% in the vehicle arm. A 
quasi-randomised study enrolled 23 OAB patients and had a 30-day run-in period in 
which medications potentially affecting bladder function were withdrawn; a 7-day 
bladder diary was filled in the last week of this period (Silva et al., 2007). Thereafter, 100 
mL of 10% ethanol in saline (vehicle) were instilled and a second 7-day diary was filled 
30 days later. Finally, they received 100 mL of 50 nM RTX dissolved in 10% ethanol in 
saline and additional bladder diaries were filled after 1 and 3 months. The mean number 
of weekly urgency episodes was 56 ± 11 after vehicle, which decreased to 37 ± 6 3 
months after RTX (Silva et al., 2007). A third study randomized women with OAB to a 
single intravesical dose of 100 mL of either RTX 50 nM or vehicle, but did not detect 
clinical differences after 4 weeks (Rios et al., 2007). 
 
Based on the role of TRPV1 in pain, RTX was explored as a treatment for bladder pain in 
BPS/IC (Apostolidis et al., 2006b; Chen et al., 2005; Lazzeri et al., 2000; Lazzeri et al., 
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2004; Peng and Kuo, 2007). However, a double-blind RCT comparing three doses of 
intravesical RTX (10, 50 and 100 nM) with placebo in 163 patients with BPS/IC did not 
detect a benefit for RTX as compared to placebo in terms of overall symptoms, pain, 
urgency, frequency, nocturia, or MVV during 12 weeks of follow up (Payne et al., 2005). 
 
TRPV2 antagonists 
 
TRPV2 is found in the umbrella cells of the urothelium, detrusor smooth muscle cells, 
and nerve fibers within the suburothelium (Andersson, 2019a; Yu et al., 2011). 
TRPV2 knockout mice exhibit decreased embryonic weight and perinatal viability 
with surviving adult mice still demonstrating reduced body weight. However, the 
absence of TRPV2 did not limit the detection of noxious heat or mechanical 
stimulation under normal or pathological conditions in behavioral assays and 
neurophysiological studies. This indicated that TRPV2 is important for perinatal 
viability but not essential for heat or mechanical nociception or hypersensitivity in the 
adult mouse (Park et al., 2011). In primary rat urothelial cells, Ca2+ influx was 
induced by TRPV2 activation, as well as hypotonic stimulation, which can be 
inhibited by tadalafil, a PDE5 inhibitor. These findings suggest that TRPV2 involves 
urothelial signal transduction, which can be inhibited by tadalafil (Dong et al., 2018). 
Increased mRNA expression of TRPV2 was reported in bladder mucosal biopsy 
specimens taken from patients with Hunner type interstitial cystitis as well as patients 
with bladder pain syndrome, and moreover, all symptoms measures correlated with 
TRPV2 expression (Homma et al., 2013). No study on in vivo LUT function using 
TRPV2 antagonists seems available so far in either animals or humans. Additional 
work is needed to determine the role of TRPV2 in bladder function. 
 
TRPV4 antagonists 
 
Functional TRPV4 channels exist in bladder urothelial cells in rats, mice, guinea pigs, 
and humans (Deruyver et al., 2015; Gevaert et al., 2007). They are predominantly 
located on the surface of the basal urothelial cell layers, in close proximity to the 
adherence junctions (Janssen et al., 2011). Cultured urothelial cells from TRPV4 
knock-out mice had an attenuated Ca2+-influx and ATP release in response to stretch 
when compared to cells from control mice in in vitro experiments (Mochizuki et al., 
2009). Moreover, isolated bladders from TRPV4 knock-out mice exhibited a reduced 
stretch-evoked ATP release and a reduced voiding frequency in vivo (Gevaert et al., 
2007). The knock-out mice also had a larger bladder capacity (Thorneloe et al., 2008). 
Intravesical installation of the potent TRPV4 agonist, GSK1016790A, induced 
bladder hyperactivity and increase afferent firing of capsaicin-insensitive C-fibers in 
rodents (Aizawa et al., 2012b; Thorneloe et al., 2008). The systemic administration of 
the TRPV4 antagonist, HC067047, increased bladder capacity and reduced 
micturition frequency in mice with cyclophosphamide-induced cystitis (Everaerts et 
al., 2010). These data support the hypothesis that TRPV4 acts as a mechano-sensor in 
urothelial cells and activates the underlying C-fiber afferent nerves via ATP-release. 
Additional evidence indicates that the co-administration of TRPV4 and TRPV1 
antagonists can potentiate the effect of each drug and reduce bladder hyperactivity in 
a rodent model for cystitis (Charrua et al., 2015). 
 
Interestingly, systemic administration of the TRPV4 antagonists HC067047 and 
GSK2193874 did not cause statistically significant AE in rodents (Everaerts et al., 
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2010; Thorneloe et al., 2012). Two recent clinical trials with the potent, selective, 
orally active TRPV4 antagonist GSK2798745 in healthy subjects and patients with 
heart failure demonstrated its safety in doses where it was efficacious for improving 
pulmonary gas transfer (Goyal et al., 2019; Stewart et al., 2020). Although TRPV4 
antagonists might eventually precipitate urinary retention (Gevaert et al., 2007), 
GSK2798745 would be a promising drug candidate also for OAB.  
 
TRPA1 antagonists 
 
TRPA1 is found in the bladder, where it is associated with C-fiber endings in the 
suburothelium that also express CGRP. Because of playing a role in mechanosensory 
transduction and being a mediator of inflammation and pain, TRPA1 is considered to 
be a potential target in the treatment of visceral hypersensitivity syndromes, e.g., 
inflammatory bowel disease, OAB, and BPS/IC. TRPA1 activators such as the H2S 
donor NaHS, isothiocyanate and cinnamaldehyde increased intracellular Ca2+ in 
bladder smooth muscle cells and caused bladder overactivity (Streng et al., 2008). 
 
The TRPA1 antagonist, HC030031, ameliorated cystometric parameters in rats with 
DO after SCI (Andrade et al., 2011). The expression of TRPA1 in dorsal root ganglia 
was upregulated at the mRNA and protein level in these animals, and TRPA1 RNA 
knockdown mimicked the effects of the antagonist. In the visceral pain model of 
cyclophosphamide-induced cystitis, HC030031 alleviated the bladder hyperalgesia 
induced by the cystitis (DeBerry et al., 2014). However, TRPA1 antagonists await 
clinical validation despite their efficacy in various animal models for bladder pain and 
hyperalgesia (Ferrer-Montiel et al., 2012; Kamei et al., 2018). 
 
TRPM4 antagonists 
 
The TRPM4 channel is activated by an increase of intracellular Ca2+ and is selective 
for monovalent cations (Mathar et al., 2014). It is expressed in many tissues, 
including the urothelium and detrusor smooth muscle of the rat, guinea pig and human 
bladder. Based on its widespread expression, it has been implied in the regulation of 
many cellular processes including the immune response, insulin secretion, and bladder 
function (Andersson, 2019a). 
 
In vitro functional studies using guinea pig detrusor smooth muscle preparations 
showed that 9-phenanthrol, a selective TRPM4 antagonist, reduced contractions 
occurring spontaneously or elicited by carbachol, KCl, or nerve stimulation (Hristov 
et al., 2016; Smith et al., 2013a; Smith et al., 2013b). These findings suggest that 
TRPM4 is active at rest but regulates detrusor excitability and contributes to 
contractile activity. Similar investigation using mouse detrusor smooth muscle 
preparations demonstrated that 9-phenanthrol inhibited carbachol-induced 
contractions but did not inhibit contractions due to intracellular Ca2+ release evoked 
by the drug, suggesting that TRPM4 channels play a role in cholinergic signaling in 
detrusor smooth muscles at least in mice (Alom et al., 2019). Furthermore, TRPM4 
was upregulated in the urothelium and detrusor smooth muscle following spinal cord 
transection in mice (Kullmann et al., 2018). The spontaneous contractile activity of 
detrusor muscle strips in mice with spinal cord transection or an intact spinal cord was 
decreased. While such preclinical findings make TRPM4 blockade a potentially 
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interesting drug target for the treatment of DO, we have not identified clinical studies 
with TRPM4 antagonists related to bladder function. 
 
TRPM8 antagonists 
 
TRPM8 is activated by cool temperatures (8–25 °C) and by chemicals that provoke 
‘cool’ sensations, such as menthol and icilin, indicating that it serves as a 
physiological cold sensor. It is predominantly found in a small subpopulation of 
dorsal root and trigeminal neurons that do not express TRPV1 (Voets et al., 2007). 
TRPM8 was detected in a subset of small nerve fibers in the human bladder (Mukerji 
et al., 2006) and dorsal root ganglion neurons innervating the rat bladder (Hayashi et 
al., 2009). 
 
Administration of the application TRPM8 channel antagonist, AMTB, reduced 
isovolumetric bladder contractions and bladder nociceptive reflex responses in rats, 
indicating that TRPM8 may be involved not only in cold sensing but also in the 
afferent control of micturition and nociception (Lashinger et al., 2008). Systemic 
administration of the TRPM8 antagonist, BCTC, reduced DO induced by cold stress 
in rats (Lei et al., 2013). In an ex vivo rat model, TRPM8 had a role in the activation 
of mechanosensitive C-fibers in the bladder (Ito et al., 2016a). Based on these 
experimental findings, TRPM8 antagonists may be promising for the treatment of 
OAB and hypersensitive bladder disorders.  
 
A key concern forof TRPM8 antagonists is that their systemic administration causes 
hypothermia (Almeida et al., 2012; Ito et al., 2016a), which was believed to limit 
clinical trials. In contrast to classical TRPM8 antagonists, the novel antagonist KRP-
2579 did not cause hypothermia in rats in doses in which it suppressed acetic-acid- 
induced DO and associated hyperactivity of mechanosensitive C-fibers (Aizawa et al., 
2018). Another novel TRP M8 antagonist, KRP-5714, similarly improved acetic-acid-
induced DO in anesthetized rats and the hyperactivity of mechanosensitive afferent C-
fibers (Nakanishi et al., 2020). Within the same study, the authors found that cerebral 
infarction and cold exposure decreased the MVV and increased the voiding frequency 
in conscious rats; orally administered KPR-5714 dose-dependently reversed these 
effects on the MVV and voiding frequency without affecting total voided volume. 
The coadministration of KPR-5714 with either mirabegron or tolterodine had additive 
effects on DO in rats with cerebral infarction or those exposed to cold temperature, 
respectively (Aizawa et al., 2021), indicating that coadministration of a TRPM8 
antagonist and a β3-AR agonist or a muscarinic antagonist could become a potential 
treatment option in OAB patients insufficiently responding to classic monotherapy.  
 
Little information is available on effects of TRPM8 inhibitors in humans. The 
selective TRPM8 antagonist, PF-05105679, inhibited pain in the cold pressor test 
while not affecting core body temperature in humans (Winchester et al., 2014). 
However, an unexpected hot feeling was reported, that was predominantly sensed in 
the perioral region and was considered as intolerable by two volunteers. Clinical trial 
results with TRPM8 antagonists other than PF-05105679 apparently are not available 
so far. 
 
Summary 
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Abundant information on preclinical studies from animal experiments and human bladder 
specimens suggests that antagonists for several different types of TRP channels may be 
useful for treatment of OAB, DO, and/or BPS/IC, including TRPV1, TRPA1, TRPV4, 
and TRPM8. However, so far, the transition from findings from preclinical studies to 
clinical application has been slow. No TRP channel ligand appears to have progressed 
beyond phase I in the LUT field, and specifically human proof of concept studies are 
lacking (Andersson, 2019a). 
 
9.1.3. Drugs and targets with promising animal data 
 
9.1.3.1. Rho kinase and Rac1 inhibitors  
 
Rho kinase 1 and 2 are essential enzymes in the regulation of smooth muscle 
contractility because of its involvement in Ca2+-sensitization (Anjum, 2018; Frazier et 
al., 2008; Li et al., 2020a) and also of generating the large compliance of the urinary 
bladder during filling (Neal et al., 2017). Inhibitors of Rho kinase such as Y 27,632, 
GSK 269,962 and fasudil inhibit bladder contraction in in vitro preparations from 
multiple species including rats, mice, guinea pigs and humans. Rho kinase is a 
potentially attractive target for two reasons: Firstly, rho kinase is involved in 
contraction elicited by a wide variety of agents including agonists at muscarinic 
(Frazier et al., 2008), bradykinin (Sand and Michel, 2014), tachykinin (Dér et al., 
2019), sphingosine-1-phosphate (Anjum et al., 2017) or PG receptors (Molnár et al., 
2021). Conversely, agonists relaxing bladder smooth muscle such as β3-AR agonists 
inhibit rho kinase (Cirino et al., 2003) and combined administration of a β-AR agonist 
and a rho kinase inhibitor yields greater detrusor strip relaxation (Cernecka et al., 
2015). Moreover, rho kinase can also be activated by stretch in human bladder smooth 
muscle cells (Kushida et al., 2016). Second, the expression and/or function of rho 
kinase are increased in pathologies associated with DO such as BOO, diabetes or in 
spontaneously hypertensive rats (Adedeji et al., 2019; Akaihata et al., 2015; Akakpo 
et al., 2017; Bae et al., 2015; Boopathi et al., 2014; Han et al., 2015; Peters et al., 
2006) and inhibition of detrusor contraction in vitro by rho kinase inhibitors is more 
pronounced in animal models of OAB or cystitis than in matched controls (Denizalti 
et al., 2018). On the other hand, rho kinase expression is regulated in the bladder of 
aged subjects (Kirschstein et al., 2014; Kirschstein et al., 2015). Taken together, these 
data make rho kinase an attractive target for the treatment of OAB and cystitis. 
 
Considering this background, the effect of rho kinase inhibitors, mostly GSK 269,962 
and fasudil or hydroxy-fasudil, has been tested in rodent models of bladder 
dysfunction. The rho kinase inhibitors consistently improved cystometric parameters 
in a variety of OAB models including that induced by acetic acid (Wróbel and 
Rechberger, 2017b), retinyl acetate (Wróbel and Rechberger, 2016; Wróbel and 
Rechberger, 2017a), corticosterone (Wróbel et al., 2018) or chronic bladder ischemia 
(Akaihata et al., 2018). They were similarly effective in rat models of cystitis as 
induced by protamine sulphate (Akin et al., 2015) or cyclophosphamide (Wróbel et 
al., 2017). Although the rho kinase inhibitor fasudil has been approved in some 
countries for clinical use in indications unrelated to the bladder, apparently no clinical 
studies of rho kinase inhibitors in bladder dysfunction are currently performed or have 
been completed. 
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Rac1 is a monomeric GTPase involved in similar pathways as rho kinase. Inhibitors 
of Rac1 such as NSC23766 and EHT1864 inhibit bladder contraction in in vitro 
preparations from multiple species including rats, mice and humans, and smooth 
muscle-specific knock-out of Rac1 has similar effects (Li et al., 2020a). A potential 
role of Rac1 as a drug target in LUT disorders has recently been discussed elsewhere 
(Erdogan and Michel, 2022). 
 
9.1.3.2. Opioid receptor agonists  
 
Opioids primarily exert their effects via opioid receptors, which are subdivided into 
the subtypes δ, κ and µ (Cox et al., 2015). The nociceptin/orphanin receptors are also 
considered to be part of the opioid receptor family because of structural and 
functional similarities to the classic opioid receptors despite low potency of naloxone, 
whereas sigma receptors are not. While some studies suggest that sigma receptors 
may play a role in the regulation of bladder function (González-Cano et al., 2020), 
sigma receptors are not considered here. 
 
Studies in guinea pigs have demonstrated a considerable expression of µ opioid 
receptors, whereas that of δ or κ opioid or nociceptin/orphanin receptors was lower 
(Zhou et al., 2016). Studies with naloxone and other opioid receptor antagonists 
suggest that endogenous opioids play a role in the regulation of bladder function in 
health and disease and for instance may mediate bladder effects of gentle mechanical 
skin stimulation (Hotta and Watanabe, 2015) or of sacral neuromodulation (Bandari et 
al., 2017; Jiang et al., 2016b; Li et al., 2017; Zhang et al., 2015b); by acting in both 
ascending and descending pathways, they may also contribute to the micturition reflex 
(Fujimura et al., 2017; Hotta and Watanabe, 2015). This may in part involve direct 
effect on transmission of sacral parasympathetic nerves (Chen et al., 2015). 
 
Tramadol is an analgesic drug that is a weak µ-receptor agonist, but its active metabolites 
are stronger µ-receptor agonists and also act as serotonin and noradrenaline uptake 
inhibitors (Minami et al., 2015). Tramadol has been shown to inhibit bladder overactivity 
in rats caused by apomorphine (Pehrson and Andersson, 2003) or upon cerebral infarction 
(Pehrson et al., 2003). Tramadol also inhibited micturition in conscious, freely moving 
rats without bladder dysfunction (Pandita et al., 2003). A published double-blind, 
placebo-controlled RCT on tramadol in 76 patients with idiopathic DO has been retracted 
(Safarinejad and Hosseini, 2014), and no other clinical trials appear to have been 
performed or ongoing. The preferential µ receptor agonist naltalimide (also known as 
TRK-130) has shown promise in animal models of OAB (Fujimura et al., 2014) or cystitis 
(Fujimura et al., 2017) but apparently has not progressed to clinical studies. While 
observations with both the weak agonist tramadol and the antagonist naltalimide are 
interesting, they are also puzzling as they leave it open whether an opioid receptor agonist 
or antagonist is more promising for the treatment of bladder dysfunction. 
 
10. Conclusions and future research directions 
 
OAB and related disorders are a prevalent health condition in the general population 
and markedly affect the QoL of afflicted patients (Benner et al., 2009; Irwin et al., 
2008b) and their partners (Mitroupoulos et al., 2002). All approved treatments for 
OAB and related orders improve symptoms, but none of them is disease modifying. 
Although LUTS can exhibit a fluctuating intensity, the symptomatic effects of 
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available treatments imply that they should be taken indefinitely or at least for longer 
periods of time. However, the perseverance of patients to prescribed treatments is low 
(Chapple et al., 2017; Kalder et al., 2014; Veenboer and Bosch, 2014; Yeowell et al., 
2018). Key reasons for discontinuation of OAB medications include issues of 
insufficient efficacy, limited tolerability and unmet expectations (Benner et al., 2010; 
Kim and Lee, 2016; Yeowell et al., 2018). While the component due to unmet 
expectations may be manageable by more evidence-based counseling (Müderrisoglu 
et al., 2022), apparently future major improvements in efficacy and tolerability within 
the drug classes of muscarinic receptor antagonists and β3-AR agonists are unlikely. 
While injectables such as BoNT/A can improve symptoms in some patients who are 
refractory to oral medication, not all patients are open to such options; even if they 
are, BoNT/A also has limited efficacy in some patients. This leaves a major medical 
need for new treatment options. The medical need appears to be even greater in 
patients with SUI or UAB. 
 
Based on such considerations, novel drug targets for the treatment of OAB and related 
disorders are actively investigated. A critical look at the data on emerging treatments 
yields two striking observations: Firstly, there are several instances where animal 
models looked promising but clinical proof of concept studies failed either entirely or 
yielded results that do not suggest an improvement over approved treatment. 
Examples of this include the K+ channel opener ZD0947 (Chapple et al., 2006), the 
EP1 receptor antagonist ONO-8539 (Chapple et al., 2014b) or the NK1 receptor 
antagonist netupitant (Haab et al., 2014). This raises questions on the translational 
value of the animal models we use (Erdogan and Michel, 2020). Many animal models 
of DO exist (Fry, 2004; Parsons and Drake, 2011). Each of them has specific 
advantages and disadvantages, but none of them is likely to be representative for the 
entire spectrum of OAB patients. This raises the question how many animal models 
should be studied to gain sufficient confidence in the finding that warrants proceeding 
to a clinical proof-of-concept study. While a specific number most likely cannot be 
determined, it appears wise to use animal models that represent a spectrum of 
pathologies and animal species. For instance, the clinical development program for 
mirabegron had been based on in vivo studies in normal animals with volume-induced 
bladder contractions, in those with acute bladder irritation caused by intravesical 
PGE2 instillation, with BOO, with bladder ischemia, with cerebral infarction and in 
decerebrate rats and involved rats, dogs and monkeys (Michel and Korstanje, 2016). 
Using a broad panel of models and species led to the successful clinical development 
of a first-in-class new OAB treatment. Robust studies should also include positive 
controls, such as treatments that are proven to work. This is a standard approach in 
clinical phase III studies for the European regulatory authorities. Including such 
positive controls also in animal models will provide early signals whether novel 
compounds not only work, but whether they are likely to provide benefit over existing 
treatments. Finally, it is another aspect of using multiple models that it has been 
estimated that at least 50% of published studies cannot be reproduced (Freedman et 
al., 2015), necessitating intensive efforts to improve the robustness of preclinical data 
(Michel et al., 2020a; Vollert et al., 2020). 
 
The second striking observation is that some compounds showed promising results in 
phase II data but were not followed in full clinical development programs. Examples 
of this include the NK1 receptor antagonist serlopitant (Frenkl et al., 2010), the 
tachykinin release inhibitor cizolirtine (Martínez-García et al., 2009; Zatura et al., 
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2010), the vitamin D3 analog elocalcitol (Digesu et al., 2012), and cannabinoid 
receptor ligands (Abo Youssef et al., 2017; Torres-Moreno et al., 2018). Clinicians 
and scientists may wonder why promising targets such as rho kinases, purinergic 
receptors or opioid receptors have not led to clinical proof-of-concept studies despite 
candidate compounds being available for clinical use and a generally acknowledged 
medical need for improved treatment options. They may also wonder why compounds 
with positive proof-of-concept data have not proceeded to full clinical development 
programs. An obvious answer is lack of commercial promise. Given that most OAB 
drugs currently are or shortly will become available as cheap generic drugs, the 
investment in a full clinical development program (easily several hundred million 
dollars) is only considered promising if the novel treatment has a reasonable chance to 
be better than existing treatments, preferably regarding efficacy (Michel, 2020). 
Accordingly, it appears that major pharmaceutical companies have discontinued 
discovery and development programs in the field of OAB. 
 
An additional answer could be due to the original definition of OAB as an “initial 
diagnosis”, mostly likely representing a range of different pathologies (Abrams et al., 
2002; Peyronnet et al., 2019) that may require different treatment approaches. 
Therefore, it has been argued that it is a key task of future OAB research to identify 
subsets of patients with specific underlying pathologies (Michel, 2020). These can be 
used to develop corresponding biomarkers that allow identification of such subgroups 
for inclusion into clinical trials and, eventually for treatment allocation in a physician 
office. A drug that is highly effective in a small subset of patients may be valuable for 
that subset but will not look promising in a general OAB cohort. Thus, identifiable 
subsets of OAB patients will allow more targeted approaches with a reasonable 
expectation to yield superior success in those subgroups. 
 
 
 
  

has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 14 March 2023 as DOI 10.1124/pharmrev.121.000523 This article

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 154

11. References 
 
Abbasian B, Shair A, O'Gorman DB, Pena-Diaz AM, Brennan L, Engelbrecht K, 

Koenig DW, Reid G and Burton JP (2019) Potential role of extracellular ATP 
released by bacteria in bladder infection and contractility. mSphere 4:e00439-
00419. 

Abelson B, Sun D, Que L, Nebel RA, Baker D, Popiel P, Amundsen CL, Chai T, 
Close C, DiSanto M, Fraser MO, Kielb SJ, Kuchel G, Mueller ER, Palmer 
MH, Parker-Autry C, Wolfe AJ and Damaser MS (2018) Sex differences in 
lower urinary tract biology and physiology. Biol Sex Differ 9:45. 

Abo Youssef N, Schneider MP, Mordasini L, Ineichen BV, Bachmann LM, Chartier-
Kastler E, Panicker JN and Kessler TM (2017) Cannabinoids for treating 
neurogenic lower urinary tract dysfunction in patients with multiple sclerosis: 
a systematic review and meta-analysis. BJU Int 119:515-521. 

Abrams P and Andersson K-E (2007) Muscarinic receptor antagonists for overactive 
bladder. BJU Int 100:987-1006. 

Abrams P, Andersson KE, Buccafusco JJ, Chapple C, De Groat WC, Fryer AD, Kay 
G, Laties A, Nathanson NM, Pasricha PJ and Wein AJ (2006a) Muscarinic 
receptors: their distribution and function in body systems, and the implications 
for treating overactive bladder. Br J Pharmacol 148:565-578. 

Abrams P, Cardozo L, Fall M, Griffiths D, Rosier P, Ulmsten U, van Kerrebroeck P, 
Victor A and Wein A (2002) The standardisation of terminology of lower 
urinary tract function: report from the standardisation sub-committee of the 
International Continence Society. Neurourol Urodyn 21:167-178. 

Abrams P, Kaplan S, de Koning Gans HJ and Millard R (2006b) Safety and 
tolerability of tolterodine for the treatment of overactive bladder in men with 
bladder outlet obstruction. J Urol 175:999-1004. 

Abrams P, Kelleher C, Huels J, Quebe-Fehling E, Omar MA and Steel M (2008) 
Clinical relevance of health-related quality of life outcomes with darifenacin. 
BJU Int 102:208-213. 

Abrams P, Kelleher C, Staskin D, Kay R, Martan A, Mincik I, Newgreen D, Ridder 
A, Paireddy A and van Maanen R (2017) Combination treatment with 
mirabegron and solifenacin in patients with overactive bladder: exploratory 
responder analyses of efficacy and evaluation of patient-reported outcomes 
from a randomized, double-blind, factorial, dose-ranging, Phase II study 
(SYMPHONY). World J Urol 35:827-838. 

Abrams P, Kelleher C, Staskin D, Rechberger T, Kay R, Martina R, Newgreen D, 
Paireddy A, van Maanen R and Ridder A (2015) Combination treatment with 
mirabegron and solifenacin in patients with overactive bladder: efficacy and 
safety results from a randomised, double-blind, dose-ranging, phase 2 study 
(Symphony). Eur Urol 67:577-588. 

Abrams P and Swift S (2005) Solifenacin is effective for the treatment of OAB dry 
patients: a pooled analysis. Eur Urol 48:483-487. 

Abrar M, Pindoria N, Malde S, Chancellor M, DeRidder D and Sahai A (2021) 
Predictors of poor response and adverse events following botulinum toxin A 
for refractory idiopathic overactive bladder: a systematic review. Eur Urol 
Focus 7:1448-1467. 

Abreu-Mendes P, Silva J and Cruz F (2020) Pharmacology of the lower urinary tract: 
update on LUTS treatment. Ther Adv Urol 12:1756287220922425. 

has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 14 March 2023 as DOI 10.1124/pharmrev.121.000523 This article

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 155

Adedeji TG, Fasanmade AA and Olapade-Olaopa EO (2019) Dietary macronutrients 
modulate hypertrophy and contractility of the detrusor in an experimental 
model of bladder obstruction. Pathophysiology 26:11-20. 

Agis-Torres Á, Recio P, López-Oliva ME, Martínez MP, Barahona MV, Benedito S, 
Bustamante S, Jiménez-Cidre M, García-Sacristán A, Prieto D, Fernandes VS 
and Hernández M (2018) Phosphodiesterase type 4 inhibition enhances nitric 
oxide- and hydrogen sulfide-mediated bladder neck inhibitory 
neurotransmission. Sci Rep 8:4711. 

Aizawa N, Fujimori Y, Kobayashi JI, Nakanishi O, Hirasawa H, Kume H, Homma Y 
and Igawa Y (2018) KPR-2579, a novel TRPM8 antagonist, inhibits acetic 
acid-induced bladder afferent hyperactivity in rats. Neurourol Urodyn 
37:1633-1640. 

Aizawa N, Fujimori Y, Nakanishi O, Hayashi T, Goi Y, Kobayashi JI and Fujita T 
(2021) Efficacy of the combination of KPR-5714, a novel transient receptor 
potential melastatin 8 (TRPM8) antagonist, and β3-adrenoceptor agonist or 
anticholinergic agent on bladder dysfunction in rats with bladder overactivity. 
Eur J Pharmacol 899:173995. 

Aizawa N, Gandaglia G, Hedlund P, Fujimura T, Fukuhara H, Montorsi F, Homma Y 
and Igawa Y (2016) URB937, a peripherally restricted inhibitor for fatty acid 
amide hydrolase, reduces prostaglandin E2 -induced bladder overactivity and 
hyperactivity of bladder mechano-afferent nerve fibres in rats. BJU Int 
117:821-828. 

Aizawa N, Homma Y and Igawa Y (2012a) Effects of mirabegron, a novel ß3-
adrenoceptor agonist, on the primary bladder afferent activity and bladder 
microcontractions in rats in comparison with those of oxybutynin. Eur Urol 
62:1165-1173. 

Aizawa N, Homma Y and Igawa Y (2013) Characteristics of lower urinary tract 
dysfunction and bladder afferent nerve properties in type 2 diabetic Goto-
Kakizaki rats. J Urol 189:1580-1587. 

Aizawa N, Homma Y and Igawa Y (2015) Effects of L-arginine, mirabegron, and 
oxybutynin on the primary bladder afferent nerve activities synchronized with 
reflex, rhythmic bladder contractions in the rat. Neurourol Urodyn 34:368-
374. 

Aizawa N and Igawa Y (2017) Pathophysiology of the underactive bladder. Investig 
Clin Urol 58:S82-s89. 

Aizawa N, Igawa Y, Nishizawa O and Wyndaele JJ (2010) Effects of CL316,243, a 
ß3-adrenoceptor agonist, and intravesical prostaglandin E2 on the primary 
bladder afferent activity of the rat. Neurourol Urodyn 29:771-776. 

Aizawa N, Wakamatsu D, Kida J, Otsuki T, Saito Y, Matsuya H, Homma Y and 
Igawa Y (2017) Inhibitory effects of retigabine, a Kv7 channel activator, on 
mechanosensitive primary bladder afferent activities. Neurourol Urodyn 
36:280-285. 

Aizawa N, Wyndaele JJ, Homma Y and Igawa Y (2012b) Effects of TRPV4 cation 
channel activation on the primary bladder afferent activities of the rat. 
Neurourol Urodyn 31:148-155. 

Akaihata H, Nomiya M, Hata J, Yabe M, Takahashi N, Haga N, Kushida N, Ishibashi 
K, Aikawa K, Yamaguchi O and Kojima Y (2015) Pelvic arterial occlusive 
disease affects the RhoA/Rho-kinase pathway in bladder smooth muscle. J 
Urol 193:706-713. 

has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 14 March 2023 as DOI 10.1124/pharmrev.121.000523 This article

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 156

Akaihata H, Nomiya M, Matsuoka K, Koguchi T, Hata J, Haga N, Kushida N, 
Ishibashi K, Aikawa K and Kojima Y (2018) Protective effect of a rho-kinase 
inhibitor on bladder dysfunction in a rat model of chronic bladder ischemia. 
Urology 111:238.e237-238.e212. 

Akakpo W, Musicki B and Burnett AL (2017) cAMP-dependent regulation of 
RhoA/Rho-kinase attenuates detrusor overactivity in a novel mouse 
experimental model. BJU Int 120:143-151. 

Akbar M, Abel R, Seyler TM, Bedke J, Haferkamp A, Gerner HJ and Möhring K 
(2007) Repeated botulinum-A toxin injections in the treatment of 
myelodysplastic children and patients with spinal cord injuries with 
neurogenic bladder dysfunction. BJU Int 100:639-645. 

Akin Y, Bozkurt A, Erol HS, Halici M, Celebi F, Kapakin KA, Gulmez H, Ates M, 
Coban A and Nuhoglu B (2015) Impact of rho-kinase inhibitor hydroxyfasudil 
in protamine sulphate induced cystitis rat bladder. Low Urin Tract Symptoms 
7:108-114. 

Al-Badr A, Ross S, Soroka D and Drutz HP (2003) What is the available evidence for 
hormone replacement therapy in women with stress urinary incontinence? J 
Obstet Gynaecol Can 25:567-574. 

Al Edwan GM, Mansi HH, Atta ONM, Shaath MM, Al Adwan R, Mahafza W, Afram 
KM, Ababneh O, Al Adwan D and Muheilan MM (2019) Objective and 
subjective improvement in children with idiopathic detrusor overactivity after 
intravesical botulinum toxin injection: A preliminary report. J Pediatr Surg 
54:595-599. 

Alan C, Eren AE, Ersay AR, Kocoglu H, Basturk G and Demirci E (2015) Efficacy of 
duloxetine in the early management of urinary continence after radical 
prostatectomy. Curr Urol 8:43-48. 

Alexander SP, Christopoulos A, Davenport AP, Kelly E, Mathie A, Peters JA, Veale 
EL, Armstrong JF, Faccenda E, Harding SD, Pawson AJ, Southan C, Davies 
JA, Abbracchio MP, Alexander W, Al-Hosaini K, Bäck M, Barnes NM, 
Bathgate R, Beaulieu JM, Bernstein KE, Bettler B, Birdsall NJM, Blaho V, 
Boulay F, Bousquet C, Bräuner-Osborne H, Burnstock G, Caló G, Castaño JP, 
Catt KJ, Ceruti S, Chazot P, Chiang N, Chini B, Chun J, Cianciulli A, Civelli 
O, Clapp LH, Couture R, Csaba Z, Dahlgren C, Dent G, Singh KD, Douglas 
SD, Dournaud P, Eguchi S, Escher E, Filardo EJ, Fong T, Fumagalli M, 
Gainetdinov RR, Gasparo M, Gerard C, Gershengorn M, Gobeil F, 
Goodfriend TL, Goudet C, Gregory KJ, Gundlach AL, Hamann J, Hanson J, 
Hauger RL, Hay DL, Heinemann A, Hollenberg MD, Holliday ND, Horiuchi 
M, Hoyer D, Hunyady L, Husain A, AP IJ, Inagami T, Jacobson KA, Jensen 
RT, Jockers R, Jonnalagadda D, Karnik S, Kaupmann K, Kemp J, Kennedy C, 
Kihara Y, Kitazawa T, Kozielewicz P, Kreienkamp HJ, Kukkonen JP, 
Langenhan T, Leach K, Lecca D, Lee JD, Leeman SE, Leprince J, Li XX, 
Williams TL, Lolait SJ, Lupp A, Macrae R, Maguire J, Mazella J, McArdle 
CA, Melmed S, Michel MC, Miller LJ, Mitolo V, Mouillac B, Müller CE, 
Murphy P, Nahon JL, Ngo T, Norel X, Nyimanu D, O'Carroll AM, 
Offermanns S, Panaro MA, Parmentier M, Pertwee RG, Pin JP, Prossnitz ER, 
Quinn M, Ramachandran R, Ray M, Reinscheid RK, Rondard P, Rovati GE, 
Ruzza C, Sanger GJ, Schöneberg T, Schulte G, Schulz S, Segaloff DL, Serhan 
CN, Stoddart LA, Sugimoto Y, Summers R, Tan VP, Thal D, Thomas WW, 
Timmermans P, Tirupula K, Tulipano G, Unal H, Unger T, Valant C, 
Vanderheyden P, Vaudry D, Vaudry H, Vilardaga JP, Walker CS, Wang JM, 

has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 14 March 2023 as DOI 10.1124/pharmrev.121.000523 This article

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 157

Ward DT, Wester HJ, Willars GB, Woodruff TM, Yao C and Ye RD (2021) 
THE CONCISE GUIDE TO PHARMACOLOGY 2021/22: G protein-coupled 
receptors. Br J Pharmacol 178 Suppl 1:S27-s156. 

Alexander SPH, Kelly E, Mathie A, Peters JA, Veale EL, Armstrong JF, Faccenda E, 
Harding SD, Pawson AJ, Sharman JL, Southan C, Buneman OP, Cidlowski 
JA, Christopoulos A, Davenport AP, Fabbro D, Spedding M, Striessnig J and 
Davies JA (2019) The concise guide to pharmacology 2019/20: Introduction 
and Other Protein Targets. Br J Pharmacol 176 Suppl 1:S1-s20. 

Alexandre EC, Kiguti LR, Calmasini FB, Silva FH, da Silva KP, Ferreira R, Ribeiro 
CA, Monica FZ, Pupo AS and Antunes E (2016) Mirabegron relaxes urethral 
smooth muscle by a dual mechanism involving ß3-adrenoceptor activation and 
α1-adrenoceptor blockade. Br J Pharmacol 173:415-428. 

Alfano CM, McGregor BA, Kuniyuki A, Reeve BB, Bowen DJ, Baumgartner KB, 
Bernstein L, Ballard-Barbash R, Malone KE, Ganz PA and McTiernan A 
(2006) Psychometric properties of a tool for measuring hormone-related 
symptoms in breast cancer survivors. Psychooncology 15:985-1000. 

Alhasso A, Glazener CMA, Pickard R and N'Dow J (2004) Adrenergic drugs for 
urinary incontinence in adults. Cochrane Database of Systematic Reviews 
2005:CD001842. 

Alloussi S, Mürtz G, Braun R, Gerhardt U, Heinrich M, Hellmis E, Horn W, 
Marschall-Kehrel D, Niklas K, Raabe M, Rößler T, Seibt B, Siemer S, 
Schultz-Lampel D, Walter H, Wiedeking B, Alloussi S, Bock P, Strugala G 
and Madersbacher H (2010) Efficacy, tolerability and safety of propiverine 
hydrochloride in comparison to oxybutynin in children with urge incontinence 
due to overactive bladder: results of a multicentre observational cohort study. 
BJU Int 106:550-556. 

Alloussi SH, Mürtz G, Gitzhofer S, Eichel R, Lang C, Madersbacher H, Strugala G 
and Alloussi S (2009) Failure of monotherapy in primary monosymptomatic 
enuresis: a combined desmopressin and propiverine treatment regimen 
improves efficacy outcomes. BJU Int 103:1706-1712. 

Alloussi SH, Mürtz G, Lang C, Madersbacher H, Strugala G, Seibold J, Schwentner 
C, Stenzl A and Alloussi S (2011) Desmopressin treatment regimens in 
monosymptomatic and nonmonosymptomatic enuresis: A review from a 
clinical perspective. J Pediatr Urol 7:10-20. 

Almeida MC, Hew-Butler T, Soriano RN, Rao S, Wang W, Wang J, Tamayo N, 
Oliveira DL, Nucci TB, Aryal P, Garami A, Bautista D, Gavva NR and 
Romanovsky AA (2012) Pharmacological blockade of the cold receptor 
TRPM8 attenuates autonomic and behavioral cold defenses and decreases 
deep body temperature. J Neurosci 32:2086-2099. 

Alom F, Matsuyama H, Nagano H, Fujikawa S, Tanahashi Y and Unno T (2019) 
Involvement of transient receptor potential melastatin 4 channels in the resting 
membrane potential setting and cholinergic contractile responses in mouse 
detrusor and ileal smooth muscles. J Vet Med Sci 81:217-228. 

Altaweel W, Jednack R, Bilodeau C and Corcos J (2006) Repeated intradetrusor 
botulinum toxin type A in children with neurogenic bladder due to 
myelomeningocele. J Urol 175:1102-1105. 

Altaweel W, Mokhtar A and Rabah DM (2011) Prospective randomized trial of 100u 
vs 200u botox in the treatment of idiopathic overactive bladder. Urol Ann 
3:66-70. 

has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 14 March 2023 as DOI 10.1124/pharmrev.121.000523 This article

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 158

Amarenco G, Sutory M, Zachoval R, Agarwal M, Del Popolo G, Tretter R, Compion 
G and De Ridder D (2017) Solifenacin is effective and well tolerated in 
patients with neurogenic detrusor overactivity: Results from the double-blind, 
randomized, active- and placebo-controlled SONIC urodynamic study 

spinal cord injury. Neurourol Urodyn 36:414-421. 
Amark P, Nergårdh A and Kinn AC (1986) The effect of noradrenaline on the 

contractile response of the urinary bladder. An in vitro study in man and cat. 
Scand J Urol Nephrol 20:203-207. 

Amend B, Hennenlotter J, Schafer T, Horstmann M, Stenzl A and Sievert KD (2008a) 
Effective treatment of neurogenic detrusor dysfunction by combined high-
dosed antimuscarinics without increased side-effects. Eur Urol 53:1021-1028. 

Amend B, Hennenlotter J, Schäfer T, Horstmann M, Stenzl A and Sievert KD (2008b) 
Combined high-dosed antimuscarinics without increased side-effects. 
European Urology 53:1021-1028. 

Amiri M, Schneider T, Oelke M, Murgas S and Michel MC (2021) Factors associated 
with decisions for initial dosing, up-titration of propiverine and treatment 
outcomes in overactive bladder syndrome patients in a non-interventional 
setting. Journal of Clinical Medicine 10:311. 

Amundsen CL, Komesu YM, Chermansky C, Gregory WT, Myers DL, Honeycutt 
EF, Vasavada SP, Nguyen JN, Wilson TS, Harvie HS and Wallace D (2018) 
Two-year outcomes of sacral neuromodulation versus onabotulinumtoxinA for 
refractory urgency urinary incontinence: a randomized trial. Eur Urol 74:66-
73. 

Amundsen CL, Richter HE, Menefee SA, Komesu YM, Arya LA, Gregory WT, 
Myers DL, Zyczynski HM, Vasavada S, Nolen TL, Wallace D and Meikle SF 
(2016) OnabotulinumtoxinA vs sacral neuromodulation on refractory urgency 
urinary incontinence in women: a randomized clinical trial. JAMA 316:1366-
1374. 

Ancelin ML, Artero S, Portet F, Dupuy AM, Touchon J and Ritchie K (2006) Non-
degenerative mild cognitive impairment in elderly people and use of 
anticholinergic drugs: longitudinal cohort study. Br Med J 332:455-458. 

Andersson K-E (2015a) Intraprostatic injections for lower urinary tract symptoms 
treatment. Current Opinion in Urology 25:12-18. 

Andersson K-E (2017) Pharmacology: cardiovascular effects of mirabegron. Nat Rev 
Urol 14:587-588. 

Andersson K-E (2019a) Agents in early development for treatment of bladder 
dysfunction – promise of drugs acting at TRP channels? Expert Opinion on 
Investigational Drugs 28:749-755. 

Andersson K-E, Cardozo L, Cruz F, Lee K-S, Sahai A and Wein AJ (2017) 
Pharmacological treatement of urinary incontinence, in Incontinence (Abrams 
P, Cardozo L, Wagg A and Wein AJ eds) pp 805-958, Bristol. 

Andersson K-E, Fry C, Panicker J and Rademakers K (2018) Which molecular targets 
do we need to focus on to improve lower urinary tract dysfunction? ICI-RS 
2017. Neurourol Urodyn 37:S117-S126. 

Andersson K-E and Michel MC eds (2011) Urinary Tract, Springer Verlag, 
Heidelberg. 

Andersson KE (1993) Pharmacology of lower urinary tract smooth muscles and 
penile erectile tissues. Pharmacol Rev 45:253-308. 

has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 14 March 2023 as DOI 10.1124/pharmrev.121.000523 This article

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 159

Andersson KE (2004) Antimuscarinics for treatment of overactive bladder. Lancet 
Neurol 3:46-53. 

Andersson KE (2006) Treatment-resistant detrusor overactivity--underlying 
pharmacology and potential mechanisms. Int J Clin Pract Suppl:8-16. 

Andersson KE (2011a) Antimuscarinic mechanisms and the overactive detrusor: an 
update. Eur Urol 59:377-386. 

Andersson KE (2011b) Mechanism of penile erection and basis for pharmacological 
treatment of erectile dysfunction. Pharmacol Rev 63:811-859. 

Andersson KE (2011c) Muscarinic acetylcholine receptors in the urinary tract, in 
Urinary Tract (Andersson KE and Michel MC eds) pp 319-344, Springer, 
Heidelberg. 

Andersson KE (2015b) Purinergic signalling in the urinary bladder. Auton Neurosci 
191:78-81. 

Andersson KE (2016) Potential future pharmacological treatment of bladder 
dysfunction. Basic Clin Pharmacol Toxicol 119 Suppl 3:75-85. 

Andersson KE (2019b) TRP channels as lower urinary tract sensory targets. Med Sci 
(Basel) 7. 

Andersson KE, Appell R, Cardozo L, Chapple CR, Drutz H, Finkbeiner A, Haab F 
and Vela Navarrete R (1999) Pharmacological treatment of urinary 
incontinence, in Incontinence (Abrams P, Khoury S and Wein A eds) pp 447-
486, Plymbridge Distributors Ltd., Plymouth. 

Andersson KE and Arner A (2004) Urinary bladder contraction and relaxation: 
physiology and pathophysiology. Physiol Rev 84:935-986. 

Andersson KE, Chapple CR, Cardozo L, Cruz F, Hashim H, Michel MC, 
Tannenbaum C and Wein AJ (2009) Pharmacological treatment of overactive 
bladder: report from the International Consultation on Incontinence. Current 
Opinion in Urology 19:380-397. 

Andersson KE, Christ GJ, Davies KP, Rovner ES and Melman A (2021) Gene therapy 
for overactive bladder: a review of BK-channel α-subunit gene transfer. Ther 
Clin Risk Manag 17:589-599. 

Andersson KE, De Groat WC, McVary KT, Lue TF, Maggi M, Roehrborn CG, 
Wyndaele JJ, Melby T and Viktrup L (2011) Tadalafil for the treatment of 
lower urinary tract symptoms secondary to benign prostatic hyperplasia: 
pathophysiology and mechanism(s) of action. Neurourol Urodyn 30:292-301. 

Andersson KE, Longstreth J, Brucker BM, Campeau L, Cheng L, Francis L and Fein 
S (2019) Pharmacokinetic and pharmacodynamic properties of a micro-dose 
nasal spray formulation of desmopressin (AV002) in healthy water-koaded 
subjects. Pharm Res 36:92. 

Andersson KE and Pehrson R (2003) CNS involvement in overactive bladder. 
Pathophysiology and opportunities for pharmacological intervention. Drugs 
63:2595-2611. 

Andersson KE and Persson K (1993) The L-arginine/nitric oxide pathway and non-
adrenergic, non-cholinergic relaxation of the lower urinary tract. Gen 
Pharmacol 24:833-839. 

Andersson KE and Wein AJ (2004) Pharmacology of the lower urinary tract: basis for 
current and future treatments of urinary incontinence. Pharmacol Rev 56:581-
631. 

Andersson M, Aronsson P, Doufish D, Lampert A and Tobin G (2012) Muscarinic 
receptor subtypes involved in urothelium-derived relaxatory effects in the 

has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 14 March 2023 as DOI 10.1124/pharmrev.121.000523 This article

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 160

inflamed rat urinary bladder. Autonomic Neuroscience: Basic and Clinical 
170:5-11. 

Andrade EL, Forner S, Bento AF, Leite DF, Dias MA, Leal PC, Koepp J and Calixto 
JB (2011) TRPA1 receptor modulation attenuates bladder overactivity induced 
by spinal cord injury. Am J Physiol Renal Physiol 300:F1223-1234. 

Anjum I (2018) Calcium sensitization mechanisms in detrusor smooth muscles. J 
Basic Clin Physiol Pharmacol 29:227-235. 

Anjum I, Denizalti M, Kandilci HB, Durlu-Kandilci NT and Sahin-Erdemli I (2017) 
Enhancement of S1P-induced contractile response in detrusor smooth muscle 
of rats having cystitis. Eur J Pharmacol 814:343-351. 

Ansari MS, Bharti A, Kumar R, Ranjan P, Srivastava A and Kapoor R (2013) 
Gabapentin: a novel drug as add-on therapy in cases of refractory overactive 
bladder in children. J Pediatr Urol 9:17-22. 

Antunes-Lopes T, Cruz CD, Cruz F and Sievert KD (2014) Biomarkers in lower 
urinary tract symptoms/overactive bladder: a critical review. Current Opinion 
in Urology 24:352-357. 

Aoki KR (2005) Review of a proposed mechanism for the antinociceptive action of 
botulinum toxin type A. Neurotoxicology 26:785-793. 

Apodaca G (2004) The uroepithelium: not just a passive barrier. Traffic 5:117-128. 
Apostolidis A, Brady CM, Yiangou Y, Davis J, Fowler CJ and Anand P (2005a) 

Capsaicin receptor TRPV1 in urothelium of neurogenic human bladders and 
effect of intravesical resiniferatoxin. Urology 65:400-405. 

Apostolidis A, Dasgupta P and Fowler CJ (2006a) Proposed mechanism for the 
efficacy of injected botulinum toxin in the treatment of human detrusor 
overactivity. Eur Urol 49:644-650. 

Apostolidis A, Gonzales GE and Fowler CJ (2006b) Effect of intravesical 
resiniferatoxin (RTX) on lower urinary tract symptoms, urodynamic 
parameters, and quality of life of patients with urodynamic increased bladder 
sensation. Eur Urol 50:1299-1305. 

Apostolidis A, Jacques TS, Freeman A, Kalsi V, Popat R, Gonzales G, Datta SN, 
Ghazi-Noori S, Elneil S, Dasgupta P and Fowler CJ (2008) Histological 
changes in the urothelium and suburothelium of human overactive bladder 
following intradetrusor injections of botulinum neurotoxin type A for the 
treatment of neurogenic or idiopathic detrusor overactivity. Eur Urol 53:1245-
1253. 

Apostolidis A, Popat R, Yiangou Y, Cockayne D, Ford AP, Davis JB, Dasgupta P, 
Fowler CJ and Anand P (2005b) Decreased sensory receptors P2X3 and 
TRPV1 in suburothelial nerve fibers following intradetrusor injections of 
botulinum toxin for human detrusor overactivity. J Urol 174:977-982; 
discussion 982-973. 

Apostolidis A, Thompson C, Yan X and Mourad S (2013) An exploratory, placebo-
controlled, dose-response study of the efficacy and safety of 
onabotulinumtoxinA in spinal cord injury patients with urinary incontinence 
due to neurogenic detrusor overactivity. World J Urol 31:1469-1474. 

Apostolidis A, Wagg A, Rahnam A'i M S, Panicker JN, Vrijens D and von Gontard A 
(2018) Is there "brain OAB" and how can we recognize it? International 
Consultation on Incontinence-Research Society (ICI-RS) 2017. Neurourol 
Urodyn 37:S38-s45. 

Appell RA, Sand P, Dmochowski R, Anderson R, Zinner N, Lama D, Roach M, 
Miklos J, Saltzstein D, Boone T, Staskin DR and Albrecht D (2001) 

has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 14 March 2023 as DOI 10.1124/pharmrev.121.000523 This article

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 161

Prospective randomized controlled trial of extended-release oxybutynin 
chloride and tolterodine tartrate in the treatment of overactive bladder: Results 
of the OBJECT Study. Mayo Clin Proc 76:358-363. 

Arioglu Inan E, Ellenbroek JH and Michel MC (2018) A systematic review of urinary 
bladder hypertrophy in experimental diabetes: part I. streptozotocin-induced 
rat models. Neurourol Urodyn 37:1212-1219. 

Asafu-Adjei D, Small A, McWilliams G, Galea G, Chung DE and Pak JS (2020) The 
intravesical injection of highly purified botulinum toxin for the treatment of 
neurogenic detrusor overactivity. Can Urol Assoc J 14:E520-e526. 

Asplund R, Sundberg B and Bengtsson P (1999) Oral desmopressin for nocturnal 
polyuria in elderly subjects: a double-blind, placebo-controlled randomized 
exploratory study. BJU Int 83:591-595. 

Athwal BS, Berkley KJ, Hussain I, Brennan A, Craggs M, Sakakibara R, Frackowiak 
RSJ and Fowler CJ (2001) Brain responses to changes in bladder volume and 
urge to void in healthy men. Brain 124:369-377. 

Austin PF, Ferguson G, Yan Y, Campigotto MJ, Royer ME and Coplen DE (2008) 
Combination therapy with desmopressin and an anticholinergic medication for 
nonresponders to desmopressin for monosymptomatic nocturnal enuresis: a 
randomized, double-blind, placebo-controlled trial. Pediatrics 122:1027-1032. 

Austin PF, Franco I, Dobremez E, Kroll P, Titanji W, Geib T, Jenkins B and Hoebeke 
PB (2021) OnabotulinumtoxinA for the treatment of neurogenic detrusor 
overactivity in children. Neurourol Urodyn 40:493-501. 

Avallone MA, Sack BS, El-Arabi A, Guralnick ML and O'Connor RC (2017) Less is 
more-A pilot study evaluating one to three intradetrusor sites for injection of 
onabotulinumtoxinA for neurogenic and idiopathic detrusor overactivity. 
Neurourol Urodyn 36:1104-1107. 

Azadzoi KM, Yalla SV and Siroky MB (2007) Oxidative stress and 
neurodegeneration in the ischemic overactive bladder. J Urol 178:710-715. 

Baber RJ, Panay N and Fenton A (2016) 2016 IMS Recommendations on women's 
midlife health and menopause hormone therapy. Climacteric 19:109-150. 

Bae JH, Oh MM, Shim KS, Cheon J, Lee JG, Kim JJ and Moon DG (2007) The 
effects of long-term administration of oral desmopressin on the baseline 
secretion of antidiuretic hormone and serum sodium concentration for the 
treatment of nocturia: a circadian study. J Urol 178:200-203. 

Bae WJ, Choi YS, Kim SJ, Cho HJ, Hong SH, Kim SW, Hwang TK, Kim DJ and Lee 
JY (2015) Effects of Moderate Alcohol Intake in the Bladder of the Otsuka 
Long Evans Tokushima Fatty Diabetic Rats. J Korean Med Sci 30:1313-1320. 

Baka-Ostrowska M, Bolong DT, Persu C, Tøndel C, Steup A, Lademacher C and 
Martin N (2021) Efficacy and safety of mirabegron in children and 
adolescents with neurogenic detrusor overactivity: An open-label, phase 3, 
dose-titration study. Neurourol Urodyn 40:1490-1499. 

Bakali E, Elliott RA, Tayloer AH, Lambert DG, Willets JM and Tincello DG (2014) 
Human urothelial cell lines as potential models for studying cannabinoid and 
excitatory receptor interactions in the urinary bladder. Naunyn-Schmiedeberg's 
Arch Pharmacol 387:581-589. 

Bakali E, Mbaki Y, Lambert DG, Elliott RA, Mason R and Tincello DG (2016) 
Effects of cannabinoid receptor activation by CP55,940 on normal bladder 
function and irritation-induced bladder overactivity in non-awake 
anaesthetised rats. Int Urogynecol J 27:1393-1400. 

has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 14 March 2023 as DOI 10.1124/pharmrev.121.000523 This article

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 162

Balchandra P and Rogerson L (2014) Women's perspective: intra-detrusor botox 
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pharmacokinetic profile, and clinical results in depression. Current 
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Cardozo L, Lisec M, Millard R, van Vierssen Trip OB, Kuzmin I, Drogendijk TE, 
Huang M and Ridder AM (2004b) Randomized, double-blind placebo-
controlled trial of the once-daily antimuscarinic agent solifenacin succinate in 
patients with overactive bladder. J Urol 172:1919-1924. 
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Chamberlain PD, Jennings KH, Paul F, Cordell J, Holmes SD, Park J, Chambers J, 
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The tissue distribution of the human ß3-adrenoceptor studied using a 
monoclonal antibody: direct evidence of the ß3-adrenoceptor in human adipose 
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tissue, atrium and skeletal muscle. Int J Obes Relat Metab Disord 23:1057-
1065. 
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Chapple CR, Araño P, Bosch JL, De Ridder D, Kramer AE and Ridder AM (2004a) 
Solifenacin appears effective and well tolerated in patients with symptomatic 
idiopathic detrusor overactivity in a placebo- and tolterodine-controlled phase 
2 dose-finding study. BJU Int 93:71-77. 

Chapple CR, Cardozo L, Nitti VW, Siddiqui E and Michel MC (2014c) Mirabegron in 
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double-blind, placebo-controlled study (ZD0947IL/0004). Eur Urol 49:879-
886. 

Chapple CR, Rechberger T, Al-Shukri S, Meffan P, Everaert K, Huang M and Ridder 
A (2004b) Randomized, double-blind placebo- and tolterodine-controlled trial 
of the once-daily antimuscarinic agent solifenacin in patients with 
symptomatic overactive bladder. BJU Int 93:303-310. 
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Chapple CR, Sievert KD, MacDiarmid S, Khullar V, Radziszweski P, Nardo C, 
Thompson C, Zhou J and Haag-Molkenteller C (2013b) OnabotulinomtoxiA 
100 U significantly improves all idiopathic overactive bladder symptoms and 
quality of life in patients with overactive bladder and urinary incontinence: a 
randomised, double-blind, placebo-controlled trial. European Urology 64:249-
256. 

Charrua A, Cruz CD, Jansen K, Rozenberg B, Heesakkers J and Cruz F (2015) Co-
administration of TRPV4 and TRPV1 antagonists potentiate the effect of each 
drug in a rat model of cystitis. BJU Int 115:458-466. 

Charrua A, Matos R, Oliveira R, Marczylo T, Nagy I and Cruz F (2020) Fatty acid 
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inflamed bladder of rats. Naunyn-Schmiedeberg's Arch Pharmacol 393:263-
272. 
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daily low-dose tadalafil for treating overactive bladder: results of a 
randomized, double-blind, placebo-controlled trial. Urology 100:59-64. 
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Spinal Cord Med 44:757-764. 
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cannabinoid receptor changes in the fructose-fed rats. LUTS: Lower Urinary 
Tract Symptoms 10:198-203. 

Chen LC and Kuo HC (2019) Pathophysiology of refractory overactive bladder. Low 
Urin Tract Symptoms 11:177-181. 

Chen SF, Jiang YH and Kuo HC (2019) Single onabotulinumtoxinA 200U dose 
improved clinical symptoms but not urothelial dysfunction in neurogenic 
detrusor overactivity due to spinal cord injury. J Formos Med Assoc 118:125-
133. 

Chen TY, Corcos J, Camel M, Ponsot Y and Tu le M (2005) Prospective, randomized, 
double-blind study of safety and tolerability of intravesical resiniferatoxin 
(RTX) in interstitial cystitis (IC). Int Urogynecol J Pelvic Floor Dysfunct 
16:293-297. 

Chen YB, Huang FS, Fen B, Yin JB, Wang W and Li YQ (2015) Inhibitory effects of 
endomorphin-2 on excitatory synaptic transmission and the neuronal 
excitability of sacral parasympathetic preganglionic neurons in young rats. 
Front Cell Neurosci 9:206. 

Cheng YW, Hung CC, Kao TW and Chen WL (2021) Beneficial relevance of vitamin 
D concentration and urine flow rate. Clin Nutr 40:2121-2127. 

Chess-Williams R, Chapple CR, Yamanishi T, Yasuda K and Sellers DJ (2001) The 
minor population of M3-receptors mediate contraction of human detrusor 
muscle in vitro. J Auton Pharmacol 21:243-248. 

Cho KJ and Kim JC (2020) Management of urinary incontinence with underactive 
bladder: a review. Int Neurourol J 24:111-117. 

Choi JB, Jeon SH, Kwon EB, Bae WJ, Cho HJ, Ha US, Hong S-H, Lee JY and Kim 
SW (2020) The effects of oral administration of the novel muscarinic receptor 
antagonist DA-8010 on overactive bladder in rat with bladder outlet 
obstruction. BMC Urol 20:41. 
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Chon JK, Borkowski A, Partin AW, Isaacs JT, Jacobs SC and Kyprianou N (1999) α1-
Adrenoceptor antagonists terazosin and doxazosin induce prostate apoptosis 
without affecting cell proliferation in patients with benign prostatic 
hyperplasia. J Urol 161:2002-2008. 
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Imbimbo C, Fusco F, Longo N, Tajana G, Ignarro LJ and Mirone V (2003) 
Involvement of ß3-adrenergic receptor activation via cyclic GMP- but not NO-
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overactive bladder. Drugs Aging 18:277-304. 

Cockayne DA, Hamilton SG, Zhu QM, Dunn PM, Zhong Y, Novakovic S, Malmberg 
AB, Cain G, Berson A, Kassotakis L, Hedley L, Lachnit WG, Burnstock G, 
McMahon SB and Ford AP (2000) Urinary bladder hyporeflexia and reduced 
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therapy for urinary incontinence in post-menopausal women. Cochrane 
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is expressed in acetylcholine-containing nerve fibers of the human urinary 
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Coelho A, Cruz F, Cruz CD and Avelino A (2012a) Effect of onabotulinumtoxinA on 
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Tubaro A and Madersbacher S (2012) A contemporary assessment of nocturia: 
definitions, epidemiology, pathophysiology and management. A systematic 
review and meta-analysis. Eur Urol 62:877-890. 

Coveñas R, Martin F, Belda M, Smith V, Salinas P, Rivada E, Diaz-Cabiale Z, 
Narvaez JA, Marcos P, Tramu G and Gonzalez-Baron S (2003) Mapping of 
neurokinin-like immunoreactivity in the human brainstem. BMC Neurosci 4:3. 

Cox BM, Christie MJ, Devi L, Toll L and Traynor JR (2015) Challenges for opioid 
receptor nomenclature: IUPHAR Review 9. Br J Pharmacol 172:317-323. 

Creed KE and Tulloch AG (1982) The action of imipramine on the lower urinary tract 
of the dog. Br J Urol 54:5-10. 

Crescioli C, Morelli A, Adorini L, Ferruzzi P, Luconi M, Vannelli GB, Marini M, 
Gelmini S, Fibbi B, Donati S, Villari D, Forti G, Colli E, Andersson KE and 
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Maggi M (2005) Human bladder as a novel target for vitamin D receptor 
ligands. J Clin Endocrinol Metab 90:962-972. 

Cruz F (2014) Targets for botulinum toxin in the lower urinary tract. Neurourol 
Urodyn 33:31-38. 

Cruz F, Guimaräes M, Silva C and Reis M (1997a) Suppression of bladder 
hyperreflexia by intravesical resiniferatoxin. Lancet 350:640-641. 

Cruz F, Guimarães M, Silva C, Rio ME, Coimbra A and Reis M (1997b) 
Desensitization of bladder sensory fibers by intravesical capsaicin has long 
lasting clinical and urodynamic effects in patients with hyperactive or 
hypersensitive bladder dysfunction. J Urol 157:585-589. 

Cruz F, Herschorn S, Aliotta P, Brin M, Thompson C, Lam W, Daniell G, Heesakkers 
J and Haag-Molkenteller C (2011) Efficacy and safety of onabotulinumtoxinA 
in patients with urinary incontence due to neurogenic detrusor overactivity: a 
randomised, double-blind, placebo-controlled trial. Eur Urol 60:742-750. 

Cruz F and Nitti V (2014) Chapter 5: Clinical data in neurogenic detrusor overactivity 
(NDO) and overactive bladder (OAB). Neurourol Urodyn 33 Suppl 3:S26-31. 

Cui Y, Zong H, Yang C, Yan H and Zhang Y (2014) The efficacy and safety of 
mirabegron in treating OAB: a systematic review and meta-analysis of phase 
III studies. IntUrolNephrol 46:275-284. 

Cusack B, Nelson A and Richelson E (1994) Binding of antidepressants to human 
brain receptors: focus on newer generation compounds. Psychopharmacology 
(Berl) 114:559-565. 

Cvetkovic RS and Plosker GL (2005) Desmopressin in adults with nocturia. Drugs 
65:99-107. 

D'Agostino G, Barbieri A, Chiossa E and Tonini M (1997) M4 muscarinic 
autoreceptor-mediated inhibition of [3H]acetylcholine release in the rat 
isolated urinary bladder. J Pharmacol Exp Ther 283:750-756. 

D'Agostino G, Maria Condino A and Calvi P (2015) Involvement of β3-adrenoceptors 
in the inhibitory control of cholinergic activity in human bladder: Direct 
evidence by [3H]-acetylcholine release experiments in the isolated detrusor. 
Eur J Pharmacol 758:115-122. 

D'Ancona C, Haylen B, Oelke M, Abranches-Monteiro L, Arnold E, Goldman H, 
Hamid R, Homma Y, Marcelissen T, Rademakers K, Schizas A, Singla A, 
Soto I, Tse V, de Wachter S and Herschorn S (2019) The International 
Continence Society (ICS) report on the terminology for adult male lower 
urinary tract and pelvic floor symptoms and dysfunction. Neurourol Urodyn 
38:433-477. 

da Silva CM, Chancellor MB, Smith CP and Cruz F (2015) Use of botulinum toxin 
for genitourinary conditions: What is the evidence? Toxicon 107:141-147. 

Dahm P, Brasure M, MacDonald R, Olson CM, Nelson VA, Fink HA, Rwabasonga 
B, Risk MC and Wilt TJ (2017) Comparative effectiveness of newer 
medications for lower urinary tract symptoms attributed to benign prostatic 
hyperplasia: a systematic review and meta-analysis. Eur Urol 71:570-581. 

Dale PR, Cernecka H, Schmidt M, Dowing M, Charlton SJ and Michel MC (2014) 
The pharmacological rationale for combining muscarinic receptor antagonists 
and ß-adrenoceptor agonists in the treatment of airway and bladder disease. 
Curr Opin Pharmacol 16C:31-42. 

Dalghi MG, Montalbetti N, Carattino MD and Apodaca G (2020) The urothelium: life 
in a liquid environment. Physiol Rev 100:1621-1705. 
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Dan S, Bratu O, Marcu D, Stanciu A, Gherghiceanu F, Ionita Radu F, Bungau S, 
Stănescu A and Mischianu D (2020) Underactive bladder -an underestimated 
entity. Journal of Mind & Behavior 7:23-28. 

Daneshgari F, Leiter EH, Liu G and Reeder J (2009a) Animal models of diabetic 
uropathy. J Urol 182:S8-S13. 

Daneshgari F, Liu G, Birder L, Hanna-Mitchell AT and Chacko S (2009b) Diabetic 
bladder dysfunction: current translational knowledge. J Urol 182 Suppl.:S18-
S26. 

Das A, Chancellor MB, Watanabe T, Sedor J and Rivas DA (1996) Intravesical 
capsaicin in neurologic impaired patients with detrusor hyperreflexia. J Spinal 
Cord Med 19:190-193. 

Das A, Doyle C, McKay J and Gagnier P (2005) A pilot study to investigate the use 
of tamsulosin in women with lower urinary tract symptoms. 

Davila GW, Daugherty CA and Sanders SW (2001) A short-term, multicenter, 
randomized double-blind dose titration study of the efficacy and 
anticholingeric side effects of transdermal compared to immediate release oral 
oxybutynin treatment of patients with urge urinary incontinence. J Urol 
166:140-145. 

de Groat WC (1997) A neurologic basis for the overactive bladder. Urology 50:36-52; 
discussion 53-36. 

de Groat WC (2004) The urothelium in overactive bladder: passive bystander or 
active participant? Urology 64:7-11. 

de Groat WC and Yoshimura N (2001) Pharmacology of the lower urinary tract. Annu 
Rev Pharmacol Toxicol 41:691-721. 

De Groat WC and Yoshimura N (2010) Changes in afferent activity after spinal cord 
injury. Neurourol Urodyn 29:63-76. 

de Groat WC and Yoshimura N (2015) Anatomy and physiology of the lower urinary 
tract. Handb Clin Neurol 130:61-108. 

De Guchtenaere A, Van Herzeele C, Raes A, Dehoorne J, Hoebeke P, Van Laecke E 
and Vande Walle J (2011) Oral lyophylizate formulation of desmopressin: 
superior pharmacodynamics compared to tablet due to low food interaction. J 
Urol 185:2308-2313. 

De Matteis R, Arch JRS, Petroni ML, Ferrari D, Cinti S and Stock MJ (2002) 
Immunohistochemical identification of the ß3-adrenoceptor in intact human 
adipocytes and ventricular myocardium: effect of obesity and treatment with 
ephedrine and caffeine. Int J Obes 26:1442-1450. 

de Mey C, Mateva L, Krastev Z, Sachse R, Wood N and Malhotra B (2011) Effects of 
hepatic dysfunction on the single-dose pharmacokinetics of fesoterodine. J 
Clin Pharmacol 51:397-405. 

De Nunzio C, Brucker B, Bschleipfer T, Cornu JN, Drake MJ, Fusco F, Gravas S, 
Oelke M, Peyronnet B, Tutolo M, van Koeveringe G and Madersbacher S 
(2021) Beyond antimuscarinics: a review of pharmacological and 
interventional options for overactive bladder management in men. Eur Urol 
79:492-504. 

de Paiva A, Meunier FA, Molgó J, Aoki KR and Dolly JO (1999) Functional repair of 
motor endplates after botulinum neurotoxin type A poisoning: biphasic switch 
of synaptic activity between nerve sprouts and their parent terminals. Proc 
Natl Acad Sci 96:3200-3205. 

De Ridder D, Chandiramani V, Dasgupta P, Van Poppel H, Baert L and Fowler CJ 
(1997) Intravesical capsaicin as a treatment for refractory detrusor 
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hyperreflexia: a dual center study with long-term followup. J Urol 158:2087-
2092. 

de Sá Dantas Bezerra D, de Toledo LGM, da Silva Carramão S, Silva Rodrigues AF, 
Dmockowski R and Auge APF (2019) A prospective randomized clinical trial 
comparing two doses of AbobotulinumtoxinA for idiopathic overactive 
bladder. Neurourol Urodyn 38:660-667. 

de Sèze M, Wiart L, Joseph PA, Dosque JP, Mazaux JM and Barat M (1998) 
Capsaicin and neurogenic detrusor hyperreflexia: a double-blind placebo-
controlled study in 20 patients with spinal cord lesions. Neurourol Urodyn 
17:513-523. 

De Wachter S (2011) Afferent signaling from the bladder: species differences evident 
from extracellular recordings of pelvic and hypogastric nerves. Neurourol 
Urodyn 30:647-652. 

DeBerry JJ, Schwartz ES and Davis BM (2014) TRPA1 mediates bladder 
hyperalgesia in a mouse model of cystitis. Pain 155:1280-1287. 

Debruyne FM, Jardin A, Colloi D, Resel L, Witjes WP, Delauche-Cavallier MC, 
McCarthy C, Geffriaud-Ricouard C and on behalf of the European ASG 
(1998) Sustained-release alfuzosin, finasteride and the combination of both in 
the treatment of benign prostatic hyperplasia. Eur Urol 34:169-175. 

Del Fabro AS, Mejia M and Nemunaitis G (2018) An investigation of the relationship 
between autonomic dysreflexia and intrathecal baclofen in patients with spinal 
cord injury. J Spinal Cord Med 41:102-105. 

Del Popolo G, Filocamo MT, Li Marzi V, Macchiarella A, Cecconi F, Lombardi G 
and Nicita G (2008) Neurogenic detrusor overactivity treated with english 
botulinum toxin a: 8-year experience of one single centre. Eur Urol 53:1013-
1019. 

DeLancey JO, Trowbridge ER, Miller JM, Morgan DM, Guire K, Fenner DE, 
Weadock WJ and Ashton-Miller JA (2008) Stress urinary incontinence: 
relative importance of urethral support and urethral closure pressure. J Urol 
179:2286-2290; discussion 2290. 

Dell'Atti L (2015) Efficacy of tadalafil once daily versus fesoterodine in the treatment 
of overactive bladder in older patients. Eur Rev Med Pharmacol Sci 19:1559-
1563. 

Denizalti M, Durlu-Kandilci NT, Simsek G, Bozkurt TE and Sahin-Erdemli I (2018) 
Rho Kinase and protein kinase C pathways are responsible for enhanced 
carbachol contraction in permeabilized detrusor in a rat model of cystitis. 
Basic Clin Pharmacol Toxicol 123:567-576. 

Denys P, Del Popolo G, Amarenco G, Karsenty G, Le Berre P, Padrazzi B and Picaut 
P (2017a) Efficacy and safety of two administration modes of an intra-detrusor 
injection of 750 units dysport® (abobotulinumtoxinA) in patients suffering 
from refractory neurogenic detrusor overactivity (NDO): A randomised 
placebo-controlled phase IIa study. Neurourol Urodyn 36:457-462. 

Denys P, Dmochowski R, Aliotta P, Castro-Diaz D, Blok B, Ethans K, Aboushwareb 
T, Magyar A and Kennelly M (2017b) Positive outcomes with first 
onabotulinumtoxinA treatment persist in the long term with repeat treatments 
in patients with neurogenic detrusor overactivity. BJU Int 119:926-932. 

Denys P, Le Normand L, Ghout I, Costa P, Chartier-Kastler E, Grise P, Hermieu JF, 
Amarenco G, Karsenty G, Saussine C and Barbot F (2012) Efficacy and safety 
of low doses of onabotulinumtoxinA for the treatment of refractory idiopathic 
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overactive bladder: a multicentre, double-blind, randomised, placebo-
controlled dose-ranging study. Eur Urol 61:520-529. 

Dér B, Molnár PJ, Ruisanchez É, Őrsy P, Kerék M, Faragó B, Nyirády P, Offermanns 
S and Benyó Z (2019) NK2 receptor-mediated detrusor muscle contraction 
involves Gq/11-dependent activation of voltage-dependent Ca2+ channels and 
the RhoA-Rho kinase pathway. Am J Physiol Renal Physiol 317:F1154-f1163. 

Derisavifard S, Giusto LL, Zahner P, Rueb JJ and Goldman HB (2020) Safety of 
intradetrusor onabotulinumtoxinA (BTX-A) injection in the asymptomatic 
patient with a positive urine dip. Urology 135:38-43. 

Deruyver Y, Hakim L, Franken J and De Ridder D (2016) The use of imaging 
techniques in understanding lower urinary tract (dys)function. Auton Neurosci 
200:11-20. 

Deruyver Y, Voets T, De Ridder D and Everaerts W (2015) Transient receptor 
potential channel modulators as pharmacological treatments for lower urinary 
tract symptoms (LUTS): myth or reality? BJU Int 115:686-697. 

Deshpande AV, Caldwell PH and Sureshkumar P (2012) Drugs for nocturnal enuresis 
in children (other than desmopressin and tricyclics). Cochrane Database Syst 
Rev 12:Cd002238. 

Di Rezze S, Frasca V, Inghilleri M, Durastanti V, Cortese A, Giacomelli E and 
Millefiorini E (2012) Duloxetine for the treatment of overactive bladder 
syndrome in multiple sclerosis: a pilot study. Clin Neuropharmacol 35:231-
234. 

Diefenbach K, Jaeger K, Wollny A, Penzel T, Fietze I and Roots I (2008) Effect of 
tolterodine on sleep structure modulated by CYP2D6 genotype. Sleep Med 
9:579-582. 

Digesu GA, Khullar V, Cardozo L and Salvatore S (2003) Overactive bladder 
symptoms: do we need urodynamics? Neurourol Urodyn 22:105-108. 

Digesu GA, Verdi E, Cardozo L, Olivieri L, Khullar V and Colli E (2012) Phase IIb, 
multicenter, double-blind, randomized, placebo-controlled, parallel-group 
study to determine effects of elocalcitol in women with overactive bladder and 
idiopathic detrusor overactivity. Urology 80:48-54. 

Ding H, Li N, He X, Liu B, Dong L and Liu Y (2017) Treatment of obesity-associated 
overactive bladder by the phosphodiesterase type-4 inhibitor roflumilast. Int 
Urol Nephrol 49:1723-1730. 

Ding H, Zhang P, Li N, Liu Y and Wang P (2019) The phosphodiesterase type 4 
inhibitor roflumilast suppresses inflammation to improve diabetic bladder 
dysfunction rats. Int Urol Nephrol 51:253-260. 

Dinis P, Silva J, Ribeiro MJ, Avelino A, Reis M and Cruz F (2004) Bladder C-fiber 
desensitization induces a long-lasting improvement of BPH-associated storage 
LUTS: a pilot study. Eur Urol 46:88-93; discussion 93-84. 

Diokno AC, Appell RA, Sand PK, Dmochowski RR, Gburek BM, Klimberg IW and 
Kell SH (2003a) Prospective, randomized, double-blind study of the efficacy 
and tolerability of the extended-release formulations of oxybutynin and 
tolterodine for overactive bladder: results of the OPERA trial. Mayo Clin Proc 
78:687-695. 

Diokno AC, Burgio K, Fultz NH, Kinchen KS, Obenchain R and Bump RC (2003b) 
Prevalence and outcomes of continence surgery in community dwelling 
women. J Urol 170:507-511. 

Dmochowski R, Chapple C, Nitti VW, Chancellor M, Everaert K, Thompson C, 
Daniell G, Zhou J and Haag-Molkenteller C (2010a) Efficacy and safety of 
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onabotulinumtoxinA for idiopathic overactive bladder: a double-blind, placebo 
controlled, randomized, dose ranging trial. J Urol 184:2416-2422. 

Dmochowski RR, Davila GW, Zinner NR, Gittelman MC, Saltzstein DR, Lyttle S and 
Sanders SW (2002) Efficacy and safety of transdermal oxybutynin in patients 
with urge and mixed urinary incontinence. J Urol 168:580-586. 

Dmochowski RR, Miklos JR, Norton PA, Zinner NR, Yalcin I and Bump RC (2003a) 
Duloxetine versus placebo for the treatment of North American women with 
stress urinary incontinence. J Urol 170:1259-1263. 

Dmochowski RR, Nitti V, Staskin D, Luber K, Appell R and Davila GW (2005) 
Transdermal oxybutynin in the treatment of adults with overactive bladder: 
combined results of two randomized clinical trials. World J Urol 23:263-270. 

Dmochowski RR, Peters KM, Morrow JD, Guan Z, Gong J, Sun F, Siami P and 
Staskin DR (2010b) Randomized, double-blind, placebo-controlled trial of 
flexible-dose fesoterodine in subjects with overactive bladder. Urology 75:62-
68. 

Dmochowski RR, Sand PK, Zinner NR, Gittelman MC, Davila GW and Sanders SW 
(2003b) Comparative efficacy and safety of transdermal oxybutynin and oral 
tolterodine versus placebo in previously treated patients with urge and mixed 
urinary incontinence. Urology 62:237-242. 

Dmochowski RR, Thai S, Iglay K, Enemchukwu E, Tee S, Varano S, Girman C, 
Radican L, Mudd PN, Jr. and Poole C (2021) Increased risk of incident 
dementia following use of anticholinergic agents: A systematic literature 
review and meta-analysis. Neurourol Urodyn 40:28-37. 

Dobberfuhl AD, Chen A, Alkaram AF and De EJB (2019) Spontaneous voiding is 
surprisingly recoverable via outlet procedure in men with underactive bladder 
and documented detrusor underactivity on urodynamics. Neurourol Urodyn 
38:2224-2232. 

Dolly JO and Lawrence GW (2014) Chapter 3: Molecular basis for the therapeutic 
effectiveness of botulinum neurotoxin type A. Neurourol Urodyn 33 Suppl 
3:S14-20. 

Dominique I, Tremblais B, Charvier K, Nogueira MCS, Paparel P, Journel NM and 
Ruffion A (2020) How long does the effect of botulinum toxin in neurogenic 
patients last? An analysis of the subset of "good responders". Low Urin Tract 
Symptoms 12:155-161. 

Dong M, Yeh F, Tepp WH, Dean C, Johnson EA, Janz R and Chapman ER (2006) 
SV2 is the protein receptor for botulinum neurotoxin A. Science 312:592-596. 

Dong X, Nakagomi H, Miyamoto T, Ihara T, Kira S, Sawada N, Mitsui T and Takeda 
M (2018) Tadalafil attenuates hypotonicity-induced Ca2+ influx via TRPV2 
and TRPV4 in primary rat bladder urothelial cell cultures. Neurourol Urodyn 
37:1541-1548. 

Donker PJ and van der Sluis C (1976) Action of beta-adrenergic blocking agents on 
the urethral pressure profile. Urol Int 31:6-12. 

Doroshyenko O, Jetter A, Odenthal KP and Fuhr U (2005) Clinical pharmacokinetics 
of trospium chloride. Clin Pharmacokinet 44:701-720. 

Douchamps J, Derenne F, Stockis A, Gangji D, Juvent M and Herchhuelz A (1988) 
The pharmacokinetics of oxybutynin in man. Eur J Clin Pharmacol 35:515-
520. 

Dowson C, Khan MS, Dasgupta P and Sahai A (2010) Repeat botulinum toxin-A 
injections for treatment of adult detrusor overactivity. Nat Rev Urol 7:661-
667. 
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Drake MJ (2018) Fundamentals of terminology in lower urinary tract function. 
Neurourol Urodyn 37:S13-s19. 

Drake MJ, Chapple C, Esen AA, Athanasiou S, Cambronero J, Mitcheson D, 
Herschorn S, Saleem T, Huang M, Siddiqui E, Stölzel M, Herholdt C and 
MacDiarmid S (2016) Efficacy and safety of mirabegon add-on therapy to 
solifenacin in incontinent overactive bladder patients with an iInadequate 
response to initial 4-week solifenacin monotherapy: a randomised double-
blind multicentre phase 3B study (BESIDE). Eur Urol 70:136-145. 

Drake MJ, Chapple CR, Sokol R, Oelke M, Traudtner K, Klaver M, Drogendijk T and 
van Kerrebroeck P (2015) Long-term safety and efficacy of single-table 
combinations of solifenacin and tamsulosin oral controlled absorption system 
in men with storage and voiding lower urinary tract symptoms: results from 
the NEPTUNE study and NEPTUNE II open-label extension. Eur Urol 
67:262-270. 

Drake MJ, Harvey IJ, Gillespie JI and van Duyl WA (2005) Localized contractions in 
the normal human bladder and in urinary urgency. BJU Int 95:1002-1005. 

Drake MJ, Nitti VW, Ginsberg DA, Brucker BM, Hepp Z, McCool R, Glanville JM, 
Fleetwood K, James D and Chapple CR (2017) Comparative assessment of the 
efficacy of onabotulinumtoxinA and oral therapies (anticholinergics and 
mirabegron) for overactive bladder: a systematic review and network meta-
analysis. BJU Int 120:611-622. 

Dubeau CE, Kraus SR, Griebling TL, Newman DK, Wyman JF, Johnson TM, 2nd, 
Ouslander JG, Sun F, Gong J and Bavendam T (2014) Effect of fesoterodine 
in vulnerable elderly subjects with urgency incontinence: a double-blind, 
placebo controlled trial. J Urol 191:395-404. 

Duckett JR, Aggarwal I and Patil A (2006) Duloxetine treatment for women awaiting 
continence surgery. Int Urogynecol J Pelvic Floor Dysfunct 17:563-565. 

Duthie JB, Vincent M, Herbison GP, Wilson DI and Wilson D (2011) Botulinum 
toxin injections for adults with overactive bladder syndrome. Cochrane 
Database Syst Rev:Cd005493. 

Dwyer P, Kelleher C, Young J, Haab F, Lheritier K, Ariely R and Ebinger U (2008) 
Long-term benefits of darifenacin treatment for patient quality of life: results 
from a 2-year extension study. Neurourol Urodyn 27:540-547. 

Dykstra D, Enriquez A and Valley M (2003) Treatment of overactive bladder with 
botulinum toxin type B: a pilot study. Int Urogynecol J Pelvic Floor Dysfunct 
14:424-426. 

Dykstra DD, Sidi AA, Scott AB, Pagel JM and Goldish GD (1988) Effects of 
botulinum A toxin on detrusor-sphincter dyssynergia in spinal cord injury 
patients. J Urol 139:919-922. 

Eastham J, Stephenson C, Korstanje C and Gillespie JI (2015) The expression of ß3-
adrenoceptor and muscarinic type 3 receptor immuno-reactivity in the major 
pelvic ganglion of the rat. Naunyn Schmiedebergs Arch Pharmacol 388:695-
708. 

Eckford SD, Carter PG, Jackson SR, Penney MD and Abrams P (1995) An open, in-
patient incremental safety and efficacy study of desmopressin in women with 
multiple sclerosis and nocturia. Br J Urol 76:459-463. 

Eckford SD, Swami KS, Jackson SR and Abrams PH (1994) Desmopressin in the 
treatment of nocturia and enuresis in patients with multiple sclerosis. Br J 
Urol 74:733-735. 
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Edmondson SD, Zhu C, Kar NF, Di Salvo J, Nagabukuro H, Sacre-Salem B, Dingley 
K, Berger R, Goble SD, Morriello G, Harper B, Moyes CR, Shen D-M, Wang 
L, Ball R, Fitzmaurice A, Frenkl T, Gichuru LN, Ha S, Hurley AL, 
Jochnowitz N, Levorse D, Mistry S, Miller RR, Ormes J, Salituro GM, Sanfiz 
A, Stevenson AS, Villa K, Zamlynny B, Green S, Struthers M and Weber AE 
(2016a) Discovery of vibegron: a potent and selective β3 adrenergic receptor 
agonist for the treatment of overactive bladder. J Med Chem 59:609-623. 

Edmondson SD, Zhu C, Kar NF, Di Salvo J, Nagabukuro H, Sacre-Salem B, Dingley 
K, Berger R, Goble SD, Morriello G, Harper B, Moyes CR, Shen DM, Wang 
L, Ball R, Fitzmaurice A, Frenkl T, Gichuru LN, Ha S, Hurley AL, 
Jochnowitz N, Levorse D, Mistry S, Miller RR, Ormes J, Salituro GM, Sanfiz 
A, Stevenson AS, Villa K, Zamlynny B, Green S, Struthers M and Weber AE 
(2016b) Discovery of Vibegron: A Potent and Selective beta3 Adrenergic 
Receptor Agonist for the Treatment of Overactive Bladder. J Med Chem 
59:609-623. 

Ehlert FJ, Ahn S, Pak KJ, Park GJ, Sangnil MS, Tran JA and Matsui M (2007) 
Neuronally released acetylcholine acts on the M2 muscarinic receptor to 
oppose the relaxant effect of isoproterenol on cholinergic contractions in 
mouse urinary bladder. J Pharmacol Exp Ther 322:631-637. 

Ehren I, Volz D, Farrelly E, Berglund L, Brundin L, Hultling C and Lafolie P (2007) 
Efficacy and impact of botulinum toxin A on quality of life in patients with 
neurogenic detrusor overactivity: a randomised, placebo-controlled, double-
blind study. Scand J Urol Nephrol 41:335-340. 

Ellenbroek JH, Arioglu Inan E and Michel MC (2018) A systematic review of urinary 
bladder hypertrophy in experimental diabetes: Part 2. Comparison of animal 
models and functional consequences. Neurourol Urodyn 37:2346-2360. 

Ellington DR, Szychowski JM, Malek JM, Gerten KA, Burgio KL and Richter HE 
(2016) Combined tolterodine and vaginal estradiol cream for overactive 
bladder symptoms after randomized single-therapy treatment. Female Pelvic 
Med Reconstr Surg 22:254-260. 

Eltink C, Lee J, Schaddelee M, Zhang W, Kerbusch V, Meijer J, van Marle S, 
Grunenberg N, Kowalski D, Drogendijk T, Moy S, Iitsuka H, van Gelderen M, 
Matsushima H and Sawamoto T (2012) Single dose pharmacokinetics and 
absolute bioavailability of mirabegron, a ß3-adrenoceptor agonist for treatment 
of overactive bladder. Int J Clin Pharmacol Ther 50:838-850. 

Endo RM, Girão MJ, Sartori MG, Simões MJ, Baracat EC and Rodrigues de Lima G 
(2000) Effect of estrogen-progestogen hormonal replacement therapy on 
periurethral and bladder vessels. Int Urogynecol J Pelvic Floor Dysfunct 
11:120-123. 

Erdogan BR and Michel MC (2020) Building robustness into translational research, in 
Good Research Practice in Non-Clinical Pharmacology and Biomedicine 
(Bespalov A, Michel MC and Steckler T eds) pp 163-175, Springer 
International Publishing, Cham. 

Erdogan BR and Michel MC (2022) Does coupling to ADP ribosylation factor 6 
explain differences between muscarinic and other receptors in interaction with 
β-adrenoceptor-mediated smooth muscle relaxation? Naunyn Schmiedebergs 
Arch Pharmacol 395:381-386. 

Erdogan BR, Yesilyurt ZE, Arioglu-Inan E and Michel MC (2022) Validation of 
fenoterol to study β2-adrenoceptor function in the rat urinary bladder. 
Pharmacology 107:116-121. 
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Everaerts W, Zhen X, Ghosh D, Vriens J, Gevaert T, Gilbert JP, Hayward NJ, 
McNamara CR, Xue F, Moran MM, Strassmaier T, Uykal E, Owsianik G, 
Vennekens R, De Ridder D, Nilius B, Fanger CM and Voets T (2010) 
Inhibition of the cation channel TRPV4 improves bladder function in mice and 
rats with cyclophosphamide-induced cystitis. Proc Natl Acad Sci U S A 
107:19084-19089. 

Falconer C, Ekman-Ordeberg G, Blomgren B, Johansson O, Ulmsten U, Westergren-
Thorsson G and Malmström A (1998) Paraurethral connective tissue in stress-
incontinent women after menopause. Acta Obstet Gynecol Scand 77:95-100. 

Fall M, Lindström S and Mazières L (1990) A bladder-to-bladder cooling reflex in the 
cat. J Physiol 427:281-300. 

Fantl JA, Bump RC, Robinson D, McClish DK and Wyman JF (1996a) Efficacy of 
estrogen supplementation in the treatment of urinary incontinence. The 
Continence Program for Women Research Group. Obstet Gynecol 88:745-749. 

Fantl JA, Cardozo L and McClish DK (1994) Estrogen therapy in the management of 
urinary incontinence in postmenopausal women: a meta-analysis. First report 
of the Hormones and Urogenital Therapy Committee. Obstet Gynecol 83:12-
18. 

Fantl JA, Newman DK and Colling J (1996b) Urinary incontinence in adults: acute 
and chronic management. Clinical Practice Guideline No. 2, 1996 Update, 
U.S. Department of Health and Human Services. 

Faure Walker NA, Syed O, Malde S, Taylor C and Sahai A (2019) Onabotulinum 
toxin A injections in men with refractory idiopathic detrusor overactivity. 
Urology 123:242-246. 

Fellenius E, Hedberg R, Holmberg E and Waldeck B (1980) Functional and metabolic 
effects of terbutaline and propranolol in fast- and slow-contracting skeletal 
muscle in vitro. Acta Physiol Scand 109:89-95. 

Fernández-Salas E, Wang J, Molina Y, Nelson JB, Jacky BP and Aoki KR (2012) 
Botulinum neurotoxin serotype A specific cell-based potency assay to replace 
the mouse bioassay. PLoS One 7:e49516. 

Fernández RA, García-Hermoso A, Solera-Martínez M, Correa MT, Morales AF and 
Martínez-Vizcaíno V (2015) Improvement of continence rate with pelvic floor 
muscle training post-prostatectomy: a meta-analysis of randomized controlled 
trials. Urol Int 94:125-132. 

Ferreira RS, D'Ancona CAL, Oelke M and Carneiro MR (2018) Intradetrusor 
onabotulinumtoxinA injections are significantly more efficacious than oral 
oxybutynin for treatment of neurogenic detrusor overactivity: results of a 
randomized, controlled, 24-week trial. Einstein (Sao Paulo) 16:eAO4207. 

Ferrer-Montiel A, Fernández-Carvajal A, Planells-Cases R, Fernández-Ballester G, 
González-Ros JM, Messeguer A and González-Muñiz R (2012) Advances in 
modulating thermosensory TRP channels. Expert Opin Ther Pat 22:999-1017. 

Fetscher C, Chen H, Schäfers RF, Wambach G, Heusch G and Michel MC (2001) 
Modulation of noradrenaline-induced microvascular constriction by protein 
kinase inhibitors. Naunyn-Schmiedeberg's Arch Pharmacol 363:57-65. 

Fetscher C, Fleichman M, Schmidt M, Krege S and Michel MC (2002) M3 muscarinic 
receptors mediate contraction of human urinary bladder. Br J Pharmacol 
136:641-643. 

Fibbi B, Morelli A, Vignozzi L, Filippi S, Chavalmane A, De Vita G, Marini M, 
Gacci M, Vannelli GB, Sandner P and Maggi M (2010) Characterization of 
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phosphodiesterase type 5 expression and functional activity in the human male 
lower urinary tract. J Sex Med 7:59-69. 

Filocamo MT, Li Marzi V, Del Popolo G, Cecconi F, Villari D, Marzocco M and 
Nicita G (2007) Pharmacologic treatment in postprostatectomy stress urinary 
incontinence. Eur Urol 51:1559-1564. 

Filson CP, Hollingsworth JM, Clemens JQ and Wei JT (2013) The efficacy and safety 
of combined therapy with α-blockers and anticholinergics for men with benign 
prostatic hyperplasia: a meta-analysis. J Urol 190:2153-2160. 

Finney SM, Andersson KE, Gillespie JI and Stewart LH (2006) Antimuscarinic drugs 
in detrusor overactivity and the overactive bladder syndrome: motor or 
sensory actions? BJU Int 98:503-507. 

Flynn MK, Amundsen CL, Perevich M, Liu F and Webster GD (2009) Outcome of a 
randomized, double-blind, placebo controlled trial of botulinum A toxin for 
refractory overactive bladder. J Urol 181:2608-2615. 

Foote J, Glavind K, Kralidis G and Wyndaele JJ (2005) Treatment of overactive 
bladder in the older patient: pooled analysis of three phase III studies of 
darifenacin, an M 3  selective receptor antagonist. Eur Urol 48:471-477. 

Ford AP and Cockayne DA (2011) ATP and P2X purinoceptors in urinary tract 
disorders. Handb Exp Pharmacol:485-526. 

Ford AP, Gever JR, Nunn PA, Zhong Y, Cefalu JS, Dillon MP and Cockayne DA 
(2006) Purinoceptors as therapeutic targets for lower urinary tract dysfunction. 
Br J Pharmacol 147 Suppl 2:S132-143. 

Ford AP and Undem BJ (2013) The therapeutic promise of ATP antagonism at P2X3 
receptors in respiratory and urological disorders. Front Cell Neurosci 7:267. 

Fowler CJ, Beck RO, Gerrard S, Betts CD and Fowler CG (1994) Intravesical 
capsaicin for treatment of detrusor hyperreflexia. J Neurol Neurosurg 
Psychiatry 57:169-173. 

Fowler CJ, Griffiths D and De Groat WC (2008) The neural control of micturition. 
Nat Rev Neurosci 9:453-466. 

Fowler CJ, Jewkes D, McDonald WI, Lynn B and de Groat WC (1992) Intravesical 
capsaicin for neurogenic bladder dysfunction. Lancet 339:1239. 

Franco I, Hoebeke P, Baka-Ostrowska M, Bolong D, Davies LN, Dahler E, Snijder R, 
Stroosma O, Verheggen F, Newgreen D, Bosman B and Vande Walle J (2020) 
Long-term efficacy and safety of solifenacin in pediatric patients aged 6 
months to 18 years with neurogenic detrusor overactivity: results from two 
phase 3 prospective open-label studies. J Pediatr Urol 16:180.e181-180.e188. 

Franco I, Landau-Dyer L, Isom-Batz G, Collett T and Reda EF (2007) The use of 
botulinum toxin A injection for the management of external sphincter 
dyssynergia in neurologically normal children. J Urol 178:1775-1779; 
discussion 1779-1780. 

Frankel J, Varano S, Staskin D, Shortino D, Jankowich R and Mudd PN, Jr. (2021) 
Vibegron improves quality-of-life measures in patients with overactive 
bladder: Patient-reported outcomes from the EMPOWUR study. Int J Clin 
Pract 75:e13937. 

Frazier EP, Braverman AS, Peters SLM, Michel MC and Ruggieri MR, Sr. (2007) 
Does phospholipase C mediate muscarinic receptor-induced rat urinary 
bladder contraction? J Pharmacol Exp Ther 322:998-1002. 

Frazier EP, Mathy MJ, Peters SLM and Michel MC (2005) Does cyclic AMP mediate 
rat urinary bladder relaxation by isoproterenol? J Pharmacol Exp Ther 
313:260-267. 
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Frazier EP, Peters SLM, Braverman AS, Ruggieri MR, Sr. and Michel MC (2008) 
Signal transduction underlying control of urinary bladder smooth muscle tone 
by muscarinic receptors and ß-adrenoceptors. Naunyn Schmiedebergs Arch 
Pharmacol 377:449-462. 

Fredrikson S (1996) Nasal spray desmopressin in treatment of bladder dysfunction in 
patients with multiple sclerosis. Acta Neurol Scand 94:31-34. 

Freedman LP, Cockburn IM and Simcoe TS (2015) The economics of reproducibility 
in preclinical research. PLoS Biol 13:e1002165. 

Freeman R, Hill S, Millard R, Slack M and Sutherst J (2003) Reduced perception of 
urgency in treatment of overactive bladder with extended-release tolterodine. 
Obstet Gynecol 102:605-611. 

Freeman RM, Adekanmi O, Waterfield MR, Waterfield AE, Wright D and Zajicek J 
(2006) The effect of cannabis on urge incontinence in patients with multiple 
sclerosis: a multicentre, randomised placebo-controlled trial (CAMS-LUTS). 
Int Urogynecol J 17:636-641. 

Frenkl TL, Zhu H, Reiss T, Seltzer O, Rosenberg E and Green S (2010) A 
multicenter, double-blind, randomized, placebo controlled trial of a 
neurokinin-1 receptor antagonist for overactive bladder. J Urol 184:616-622. 

Frew R and Lundy PM (1995) A role for Q type Ca2+ channels in neurotransmission 
in the rat urinary bladder. Br J Pharmacol 116:1595-1598. 

Fröhlich G, Bulitta M and Strösser W (2002) Trospium chloride in patients with 
detrusor overactivity: meta-analysis of placebo-controlled, randomized, 
double-blind, multi-center clinical trials on the efficacy and safety of 20 mg 
trospium chloride twice daily. Int J Clin Pharmacol Ther 40:295-303. 

Fröhlich G, Burmeister S, Wiedemann A and Bulitta M (1998) [Intravesical 
instillation of trospium chloride, oxybutynin and verapamil for relaxation of 
the bladder detrusor muscle. A placebo controlled, randomized clinical test]. 
Arzneimittelforschung 48:486-491. 

Fry CH (2004) Experimental models to study the physiology, pathophysiology and 
pharmacology of the lower urinary tract. J Pharmacol Toxicol Methods 
49:201-210. 

Fry CH, Bayliss M, Young JS and Hussain M (2011) Influence of age and bladder 
dysfunction on the contractile properties of isolated human detrusor. BJU Int 
108:E91-E96. 

Fry CH and McCloskey KD (2019) Spontaneous activity and the urinary bladder. Adv 
Exp Med Biol 1124:121-147. 

Fry CH and McCloskey KD (2021) Purinergic signalling in the urinary bladder - 
When function becomes dysfunction. Auton Neurosci 235:102852. 

Fryer S, Nicoara C, Dobson E, Griffiths M, McAndrew HF, Kenny SE and Corbett HJ 
(2020) Effectiveness and tolerability of mirabegron in children with overactive 
bladder: A retrospective pilot study. J Pediatr Surg 55:316-318. 

Fu X, Rezapour M, Wu X, Li L, Sjögren C and Ulmsten U (2003) Expression of 
estrogen receptor-alpha and -beta in anterior vaginal walls of genuine stress 
incontinent women. Int Urogynecol J Pelvic Floor Dysfunct 14:276-281; 
discussion 281. 

Fujimura M, Izumimoto N, Kanie S, Kobayashi R, Yoshikawa S, Momen S, Hirakata 
M, Komagata T, Okanishi S, Iwata M, Hashimoto T, Doi T, Yoshimura N and 
Kawai K (2017) Mechanisms of inhibitory action of TRK-130 (Naltalimide), a 
μ-opioid receptor partial agonist, on the micturition reflex. Int Urol Nephrol 
49:587-595. 
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Fujimura M, Izumimoto N, Momen S, Yoshikawa S, Kobayashi R, Kanie S, Hirakata 
M, Komagata T, Okanishi S, Hashimoto T, Yoshimura N and Kawai K (2014) 
Characteristics of TRK-130 (naltalimide), a novel opioid ligand, as a new 
therapeutic agent for overactive bladder. J Pharmacol Exp Ther 350:543-551. 

Fujimura T, Tamura K, Tsutsumi T, Yamamoto T, Nakamura K, Koibuchi Y, 
Kobayashi M and Yamaguchi O (1999) Expression and possible functional 
role of the ß3-adrenoceptor in human and rat detrusor muscle. J Urol 161:680-
685. 

Füllhase C, Chapple C, Cornu JN, De Nunzio C, Gratzke C, Kaplan SA, Marberger 
M, Montorsi F, Novara G, Oelke M, Porst H, Roehrborn C, Stief C and 
McVary KT (2013) Systematic review of combination drug therapy for non-
neurogenic male lower urinary tract symptoms. Eur Urol 64:228-243. 

Füllhase C, Schreiber A, Giese A, Schmidt M, Montorsi F, Gratzke C, La Croce G, 
Castiglione F, Stief C and Hedlund P (2016) Spinal neuronal cannabinoid 
receptors mediate urodynamic effects of systemic fatty acid amide hydrolase 
(FAAH) inhibition in rats. Neurourol Urodyn 35:464-470. 

Füllhase C, Soler R, Westerling-Andersson K and Andersson KE (2011) Beta3-
adrenoceptors in the rat sacral spinal cord and their functional relevance in 
micturition under normal conditions and in a model of partial urethral 
obstruction. Neurourol Urodyn 30:1382-1387. 

Furuta A, Asano K, Egawa S, De Groat WC, Chancellor MB and Yoshimura N 
(2009) Role of α2-adrenoceptors and glutamate mechanisms in the external 
urethral sphincter continence reflex in rats. J Urol 181:1467-1473. 

Fwu CW, Eggers PW, Kaplan SA, Kirkali Z, Lee JY and Kusek JW (2013) Long-
term effects of doxazosin, finasteride and combination therapy on quality of 
life in men with benign prostatic hyperplasia. J Urol 190:187-193. 

Gabella G and Davis C (1998) Distribution of afferent axons in the bladder of rats. J 
Neurocytol 27:141-155. 

Gacci M, Andersson K-E, Chapple CR, Maggi M, Mirone V, Oelke M, Porst H, 
Roehrborn C, Stief C and Giuliano F (2016) Latest evidence on the us of 
phosphodiesterase type 5 inhibitors for the treatment of lower urinary tract 
symptoms secondary to benign prostatic hyperplasia. Eur Urol 70:124-133. 

Gamé X, Castel-Lacanal E, Bentaleb Y, Thiry-Escudié I, De Boissezon X, Malavaud 
B, Marque P and Rischmann P (2008) Botulinum toxin A detrusor injections 
in patients with neurogenic detrusor overactivity significantly decrease the 
incidence of symptomatic urinary tract infections. Eur Urol 53:613-618. 

Gasthuys E, Dossche L, Michelet R, Nørgaard JP, Devreese M, Croubels S, 
Vermeulen A, Van Bocxlaer J and Walle JV (2020) Pediatric pharmacology of 
desmopressin in children with enuresis:aA comprehensive review. Paediatr 
Drugs 22:369-383. 

Gebhart JB, Rickard DJ, Barrett TJ, Lesnick TG, Webb MJ, Podratz KC and 
Spelsberg TC (2001) Expression of estrogen receptor isoforms alpha and beta 
messenger RNA in vaginal tissue of premenopausal and postmenopausal 
women. Am J Obstet Gynecol 185:1325-1330; discussion 1330-1321. 

Geirsson G, Fall M and Sullivan L (1995) Clinical and urodynamic effects of 
intravesical capsaicin treatment in patients with chronic traumatic spinal 
detrusor hyperreflexia. J Urol 154:1825-1829. 

George J, Tharion G, Richar J, Macaden AS, Thomas R and Bhattacharji S (2007) 
The effectiveness of intravesical oxybutynin, propantheline, and capsaicin in 
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the management of neuropathic bladder following spinal cord injury. 
ScientificWorldJournal 7:1683-1690. 

Gevaert T, Vriens J, Segal A, Everaerts W, Roskams T, Talavera K, Owsianik G, 
Liedtke W, Daelemans D, Dewachter I, Van Leuven F, Voets T, De Ridder D 
and Nilius B (2007) Deletion of the transient receptor potential cation channel 
TRPV4 impairs murine bladder voiding. J Clin Invest 117:3453-3462. 

Geyer J, Gavrilova O and Petzinger E (2009) The role of p-glycoprotein in limiting 
brain penetration of the peripherally acting anticholinergic overactive bladder 
drug trospium chloride. Drug Metab Dispos 37:1371-1374. 

Ghoniem GM, Schagen van Leeuwen J, Elser DM, Freeman RM, Zhao YD, Yalcin I 
and Bump RC (2005) A randomized controlled trial of duloxetine alone, 
pelvic floor muscle training alone, combined treatment an no active treatment 
in women with stress urinary incontinence. J Urol 173:1647-1653. 

Giannantoni A, Di Stasi SM, Nardicchi V, Zucchi A, Macchioni L, Bini V, Goracci G 
and Porena M (2006) Botulinum-A toxin injections into the detrusor muscle 
decrease nerve growth factor bladder tissue levels in patients with neurogenic 
detrusor overactivity. J Urol 175:2341-2344. 

Giannantoni A, Di Stasi SM, Stephen RL, Bini V, Costantini E and Porena M (2004) 
Intravesical resiniferatoxin versus botulinum-A toxin injections for neurogenic 
detrusor overactivity: a prospective randomized study. J Urol 172:240-243. 

Giannantoni A, Gubbiotti M, Rubilotta E, Balzarro M, Antonelli A and Bini V (2021) 
IncobotulinumtoxinA versus onabotulinumtoxinA intradetrusor injections in 
patients with neurogenic detrusor overactivity incontinence: a double-blind, 
randomized, non-inferiority trial. Minerva Urol Nephrol. 

Giannitsas K and Athanasopoulos A (2015) A review of cost-effectiveness 
comparisons for overactive bladder treatments: which is the most cost-
effective for improving quality of life? Expert Rev Pharmacoecon Outcomes 
Res 15:413-423. 

Gibson W, MacDiarmid S, Huang M, Siddiqui E, Stölzel M, Choudhury N and Drake 
MJ (2017) Treating overactive bladder in older patients with a combination of 
mirabegron and solifenacin: a prespecified analysis from the BESIDE study. 
Eur Urol Focus 3:629-638. 

Gilja I, Radej M, Kovacić M and Parazajder J (1984) Conservative treatment of 
female stress incontinence with imipramine. J Urol 132:909-911. 

Gillespie JI (2004) The actions of sodium nitroprusside and the phosphodiesterase 
inhibitor dipyridamole on phasic activity in the isolated guinea-pig bladder. 
BJU Int 93:851-858. 

Gillespie JI, Palea S, Guilloteau V, Guerard M, Lluel P and Korstanje C (2012) 
Modulation of non-voiding activity by the muscarinergic antagonist 
tolterodine and the ß3-adrenoceptor agonist mirabegron in conscious rats with 
partial outflow obstruction. BJU Int 110:E132-E142. 

Ginsberg D, Cruz F, Herschorn S, Gousse A, Keppenne V, Aliotta P, Sievert KD, 
Brin MF, Jenkins B, Thompson C, Lam W, Heesakkers J and Haag-
Molkenteller C (2013a) OnabotulinumtoxinA is effective in patients with 
urinary incontinence due to neurogenic detrusor overactivity [corrected] 
regardless of concomitant anticholinergic use or neurologic etiology. Adv Ther 
30:819-833. 

Ginsberg D, Gousse A, Keppenne V, Sievert KD, Thompson C, Lam W, Brin MF, 
Jenkins B and Haag-Molkenteller C (2012) Phase 3 efficacy and tolerability 
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study of onabotulinumtoxinA for urinary incontinence from neurogenic 
detrusor overactivity. J Urol 187:2131-2139. 

Ginsberg D, Schneider T, Kelleher C, Van Kerrebroeck P, Swift S, Creanga D and 
Martire DL (2013b) Efficacy of fesoterodine compared with extended-release 
tolterodine in men and women with overactive bladder. BJU Int 112:373-385. 

Ginsberg DA, Drake MJ, Kaufmann A, Radomski S, Gousse AE, Chermansky CJ, 
Magyar A, Nicandro JP and Nitti VW (2017) Long-term treatment with 
onabotulinumtoxinA results in consistent, durable improvements in health 
related quality of life in patients with overactive bladder. J Urol 198:897-904. 

Giuliano F, Ückert S, Maggi M, Birder L, Kissel J and Viktrup L (2013) The 
mechanism of action of phosphodiesterase type 5 inhibitors in the treatment of 
lower urinary tract symptoms related to benign prostatic hyperplasia. 
Europrean Urology 63:506-516. 

Glavind K and Chancellor M (2011) Antimuscarinics for the treatment of overactive 
bladder: understanding the role of muscarinic subtype selectivity. Int 
Urogynecol J 22:907-917. 

Glazener CMA and Evans JHC (2002) Desmopressin for nocturnal enuresis in 
children. Cochrane Database of Systematic Reviews 3:CD002112. 

Gleason DM, Reilly RJ, Bottaccini MR and Pierce MJ (1974) The urethral continence 
zone and its relation to stress incontinence. J Urol 112:81-88. 

Gleason JM, Daniels C, Williams K, Varghese A, Koyle MA, Bägli DJ, Pippi Salle JL 
and Lorenzo AJ (2014) Single center experience with oxybutynin transdermal 
system (patch) for management of symptoms related to non-neuropathic 
overactive bladder in children: an attractive, well tolerated alternative form of 
administration. J Pediatr Urol 10:753-757. 

Goepel M, Gronewald A, Krege S and Michel MC (1998) Muscarinic receptor 
subtypes in porcine detrusor: comparison with humans and regulation by 
bladder augmentation. Urol Res 26:149-154. 

Goldfischer ER, Sand PK, Thomas H and Peters-Gee J (2015) Efficacy and safety of 
oxybutynin topical gel 3% in patients with urgency and/or mixed urinary 
incontinence: a randomized, double-blind, placebo-controlled study. 
Neurourol Urodyn 34:37-43. 

Gomelsky A, Kelly EF and Dalton DC (2018) Combination treatment for male lower 
urinary tract symptoms with anticholinergic and alpha-blockers. Curr Opin 
Urol 28:277-283. 

Gomes CM, Castro Filho JE, Rejowski RF, Trigo-Rocha FE, Bruschini H, Barros 
Filho TE and Srougi M (2010) Experience with different botulinum toxins for 
the treatment of refractory neurogenic detrusor overactivity. Int Braz J Urol 
36:66-74. 

Gomes T, Juurlink DN and Mamdani MM (2012) Comparative adherence to 
oxybutynin or tolterodine among older patients. Eur J Clin Pharmacol 68:97-
99. 

Gong M, Dong W, Huang G, Gong Z, Deng D, Qiu S and Yuan R (2015) Tamsulosin 
combined with solifenacin versus tamsulosin monotherapy for male lower 
urinary tract symptoms: a meta-analysis. Curr Med Res Opin 31:1781-1792. 

González-Cano R, Artacho-Cordón A, Romero L, Tejada MA, Nieto FR, Merlos M, 
Cañizares FJ, Cendán CM, Fernández-Segura E and Baeyens JM (2020) 
Urinary bladder sigma-1 receptors: A new target for cystitis treatment. 
Pharmacol Res 155:104724. 
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Goodson AB, Cantrell MA, Shaw RF and Lund BC (2018) Comparative 
Effectiveness of Anticholinergic Agents for Lower Urinary Tract Symptoms. J 
Manag Care Spec Pharm 24:65-72. 

Gopalakrishnan M and Shieh CC (2004) Potassium channel subtypes as molecular 
targets for overactive bladder and other urological disorders. Expert Opinion 
in Therapeutic Targets 8:437-458. 

Gosling JA, Dixon JS and Jen PYP (1999) The distribution of noradrenergic nerves in 
the human lower urinary tract. Eur Urol 36 (Suppl. 1):23-30. 

Gotoh M, Yokoyama O and Nishizawa O (2011) Propiverine hydrochloride in 
Japanese patients with overactive bladder: a randomized, double-blind, 
placebo-controlled trial. Int J Urol 18:365-373. 

Goyal N, Skrdla P, Schroyer R, Kumar S, Fernando D, Oughton A, Norton N, 
Sprecher DL and Cheriyan J (2019) Clinical pharmacokinetics, safety, and 
tolerability of a novel, first-in-class TRPV4 ion channel inhibitor, 
GSK2798745, in healthy and heart failure subjects. Am J Cardiovasc Drugs 
19:335-342. 

Grady D, Brown JS, Vittinghoff E, Applegate W, Varner E and Snyder T (2001) 
Postmenopausal hormones and incontinence: the Heart and Estrogen/Progestin 
Replacement Study. Obstet Gynecol 97:116-120. 

Gratzke C, Streng T, Park A, Christ G, Stief CG, Hedlund P and Andersson KE 
(2009) Distribution and function of cannabinoid receptors 1 and 2 in the rat, 
monkey and human bladder. J Urol 181:1939-1948. 

Gratzke C, Streng T, Stief CG, Alroy I, Limberg BJ, Downs TR, Rosenbaum JS, 
Hedlund P and Andersson K-E (2011) Cannabinor, a selective cannabinoid-2 
receptor agonist, improves bladder emptying in rats with partial urethral 
obstruction. J Urol 185:731-736. 

Gratzke C, Streng T, Stief CG, Downs TR, Alroy I, Rosenbaum JS, Andersson K-E 
and Hedlund P (2010) Effects of cannabinor, a novel selective cannabinoid 2 
receptor agonist, on bladder function in normal rats. Eur Urol 57:1093-1100. 

Gratzke C, van Maanen R, Chapple C, Abrams P, Herschorn S, Robinson D, Ridder 
A, Stoelzel M, Paireddy A, Yoon SJ, Al-Shukri S, Rechberger T and Mueller 
ER (2018) Long-term safety and efficacy of mirabegron and solifenacin in 
combination compared with monotherapy in patients with overactive bladder: 
a randomised, multicentre phase 3 study (SYNERGY II). Eur Urol 74:501-
509. 

Gray SL, Anderson ML, Dublin S and et al. (2015) Cumulative use of strong 
anticholinergics and incident dementia: A prospective cohort study. JAMA Int 
Med 175:401-407. 

Green SA, Alon A, Ianus J, McNaughton KS, Tozzi CA and Reiss TF (2006) Efficacy 
and safety of a neurokinin-1 receptor antagonist in postmenopausal women 
with overactive bladder with urge urinary incontinence. J Urol 176:2535-
2340. 

Griebling TL, Campbell NL, Mangel J, Staskin D, Herschorn S, Elsouda D and 
Schermer CR (2020) Effect of mirabegron on cognitive function in elderly 
patients with overactive bladder: MoCA results from a phase 4 randomized, 
placebo-controlled study (PILLAR). BMC Geriatr 20:109. 

Griffiths D (2007) Imaging bladder sensations. Neurourol Urodyn 26:899-903. 
Griffiths D and Tadic SD (2008) Bladder control, urgency, and urge incontinence: 

evidence from functional brain imaging. Neurourol Urodyn 27:466-474. 
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Griffiths DJ (2011) Use of functional imaging to monitor central control of voiding in 
humans. Handb Exp Pharmacol:81-97. 

Grise P, Ruffion A, Denys P, Egon G and Chartier Kastler E (2010) Efficacy and 
tolerability of botulinum toxin type A in patients with neurogenic detrusor 
overactivity and without concomitant anticholinergic therapy: comparison of 
two doses. Eur Urol 58:759-766. 

Grodstein F, Lifford K, Resnick NM and Curhan GC (2004) Postmenopausal 
hormone therapy and risk of developing urinary incontinence. Obstet Gynecol 
103:254-260. 

Groenendijk IM, Mehnert U, Groen J, Clarkson BD, Scheepe JR and Blok BFM 
(2021) A systematic review and activation likelihood estimation meta-analysis 
of the central innervation of the lower urinary tract: Pelvic floor motor control 
and micturition. PLoS One 16:e0246042. 

Grol S, Nile CJ, Martinez-Martinez P, van Koeveringe GA, de Wachter SGG, de 
Vente J and Gillespie JI (2011) M3 muscarinic receptor like immuno-reactivity 
(M3-IR) in sham-operated and obstructed guinea pig bladders. J Urol 
185:1959-1966. 

Grosse J, Kramer G and Stöhrer M (2005) Success of repeat detrusor injections of 
botulinum a toxin in patients with severe neurogenic detrusor overactivity and 
incontinence. Eur Urol 47:653-659. 

Guan NN, Gustafsson LE and Svennersten K (2017) Inhibitory effects of urothelium-
related factors. Basic Clin Pharmacol Toxicol 121:220-224. 

Guay DRP (2003) Clinical pharmacokinetics of drugs used to treat urge incontinence. 
Clin Pharmacokinet 42:1243-1285. 

Guerra LA, Moher D, Sampson M, Barrowman N, Pike J and Leonard M (2008) 
Intravesical oxybutynin for children with poorly compliant neurogenic 
bladder: a systematic review. J Urol 180:1091-1097. 

Guillaume JL, Petitjean F, Haasemann M, Bianchi C, Eshdat Y and Strosberg AD 
(1994) Antibodies for the immunochemistry of the human ß3-adrenergic 
receptor. Eur J Biochem 224:761-770. 

Haab F, Braticevici B, Krivoborodov G, Palmas M, Zufferli Russo M and Pietra C 
(2014) Efficacy and safety of repeated dosing of netupitant, a neurokinin-1 
receptor antagonist, in treating overactive bladder. Neurourol Urodyn 33:335-
340. 

Haab F, Cardozo L, Chapple C and Ridder AM (2005) Long-term open-label 
solifenacin treatment associated with persistence with therapy in patients with 
overactive bladder syndrome. Eur Urol 47:376-384. 

Haab F, Corcos J, Siami P, Glavind K, Dwyer P, Steel M, Kawakami F, Lheritier K 
and Steers WD (2006) Long-term treatment with darifenacin for overactive 
bladder: results of a 2-year, open-label extension study. BJU Int 98:1025-
1032. 

Haab F, Stewart L and Dwyer P (2004) Darifenacin, am M3 selective receptor 
antagonist, is an effective and well-tolerated once-daily treatment for 
overactive bladder. Eur Urol 45:420-429. 

Häbler HJ, Jänig W and Koltzenburg M (1990) Activation of unmyelinated afferent 
fibres by mechanical stimuli and inflammation of the urinary bladder in the 
cat. J Physiol 425:545-562. 

Haddad R, Monaghan TF, Joussain C, Phé V, Bower W, Roggeman S, Robain G and 
Everaert K (2020) Nocturia in patients with cognitive dysfunction: a 
systematic review of the literature. BMC Geriatr 20:230. 
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Haferkamp A, Schurch B, Reitz A, Krengel U, Grosse J, Kramer G, Schumacher S, 
Bastian PJ, Büttner R, Müller SC and Stöhrer M (2004) Lack of ultrastructural 
detrusor changes following endoscopic injection of botulinum toxin type a in 
overactive neurogenic bladder. Eur Urol 46:784-791. 

Hagovska M, Svihra J, Breza J, Jr., Dubravicky J and Vargovcak M (2021) A 
randomized, intervention parallel multicentre study to evaluate duloxetine and 
innovative pelvic floor muscle training in women with uncomplicated stress 
urinary incontinence-the DULOXING study. Int Urogynecol J 32:193-201. 

Hajebrahimi S, Chapple CR, Pashazadeh F and Salehi-Pourmehr H (2019) 
Management of neurogenic bladder in patients with Parkinson's disease: A 
systematic review. Neurourol Urodyn 38:31-62. 

Hakimi Z, Kelleher C, Aballéa S, Maman K, Nazir J, Mankowski C and Odeyemi I 
(2018) Cost-effectiveness of solifenacin compared with oral antimuscarinic 
agents for the treatment of patients with overactive bladder in the UK. J Mark 
Access Health Policy 6:1438721. 

Hamid R, Averbeck MA, Chiang H, Garcia A, Al Mousa RT, Oh SJ, Patel A, Plata M 
and Del Popolo G (2018) Epidemiology and pathophysiology of neurogenic 
bladder after spinal cord injury. World J Urol 36:1517-1527. 

Hamid R, Lorenzo-Gomez MF, Schulte-Baukloh H, Boroujerdi A, Patel A and 
Farrelly E (2021) OnabotulinumtoxinA is a well tolerated and effective 
treatment for refractory overactive bladder in real-world practice. Int 
Urogynecol J 32:65-74. 

Han DY, Jeong HJ and Lee MY (2015) Bladder hyperactivity induced by chronic 
variable stress in rats. Low Urin Tract Symptoms 7:56-61. 

Hanna-Mitchell AT, Robinson D, Cardozo L, Everaert K and Petkov GV (2016) Do 
we need to know more about the effects of hormones on lower urinary tract 
dysfunction? ICI-RS 2014. Neurourol Urodyn 35:299-303. 

Hanna-Mitchell AT, Wolf-Johnston AS, Barrick SR, Kanai AJ, Chancellor MB, De 
Groat WC and Birder LA (2015) Effect of botulinum toxin A on urothelial-
release of ATP and expression of SNARE targets within the urothelium. 
Neurourol Urodyn 34:79-84. 

Hannan JL, Powers SA, Wang VM, Castiglione F, Hedlund P and Bivalacqua TJ 
(2017) Impaired contraction and decreased detrusor innervation in a female rat 
model of pelvic neuropraxia. Int Urogynecol J 28:1049-1056. 

Hao N, Tian Y, Liu W, Wazir R, Wang J, Liu L, Wang K and Li H (2014) 
Antimuscarinics and α-blockers or α-blockers monotherapy on lower urinary 
tract symptoms--a meta-analysis. Urology 83:556-562. 

Harper M, Popat RB, Dasgupta R, Fowler CJ and Dasgupta P (2003) A minimally 
invasive technique for outpatient local anaesthetic administration of 
intradetrusor botulinum toxin in intractable detrusor overactivity. BJU Int 
92:325-326. 

Hartigan SM, Reynolds WS and Dmochowski RR (2019) Detrusor underactivity in 
women: a current understanding. Neurourol Urodyn 38:2070-2076. 

Haruno A (1992) Effects of propiverine hydrochloride on the spontaneous 
contractions of isolated guinea-pig urinary bladder strip and rhythmic urinary 
bladder contractions of anesthetized dog. Arzneimittelforschung 42:1459-
1461. 

Harvie HS, Amundsen CL, Neuwahl SJ, Honeycutt AA, Lukacz ES, Sung VW, 
Rogers RG, Ellington D, Ferrando CA, Chermansky CJ, Mazloomdoost D and 
Thomas S (2020) Cost-effectiveness of sacral neuromodulation versus 
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onabotulinumtoxinA for refractory urgency urinary incontinence: Results of 
the ROSETTA randomized trial. J Urol 203:969-977. 

Hashim H and Abrams P (2006) Pharmacological management of women with mixed 
urinary incontinence. Drugs 66:591-606. 

Hashim H and Drake MJ (2018) Basic concepts in nocturia, based on international 
continence society standards in nocturnal lower urinary tract function. 
Neurourol Urodyn 37:S20-s24. 

Hashim H, Malmberg L, Graugaard-Jensen C and Abrams P (2009) Desmopressin, as 
a "designer-drug," in the treatment of overactive bladder syndrome. Neurourol 
Urodyn 28:40-46. 

Hashimoto S, Kigoshi S and Muramatsu I (1993) Nitric oxide-dependent and -
independent neurogenic relaxation of isolated dog urethra. Eur J Pharmacol 
231:209-214. 

Hashimoto T, Nagabukuro H and Doi T (2005) Effects of the selective 
acetylcholinesterase inhibitor TAK-802 on the voiding behavior and bladder 
mass increase in rats with partial bladder outlet obstruction. J Urol 174:1137-
1141. 

Hatanaka T, Ukai M, Watanabe M, Someya A, Ohtake A, Suzuki M, Ueshima K, 
Sato S and Kaku S (2013a) Effect of mirabegron, a novel ß3-adrenoceptor 
agonist, on bladder function during storage phase in rats. Naunyn-
Schmiedeberg's Arch Pharmacol 386:71-78. 

Hatanaka T, Ukai M, Watanabe M, Someya A, Ohtake A, Suzuki M, Ueshima K, 
Sato S and Masuda N (2013b) Pharmacological profile of the selective ß3-
adrenoceptor agonist mirabegron in cynomolgus monkeys. Naunyn-
Schmiedeberg's Arch Pharmacol 386:1001-1008. 

Hawthorn MH, Chapple CR, Cock M and Chess-Williams R (2000) Urothelium-
derived inhibitory factor(s) influences on detrusor muscle contractility in vitro. 
Br J Pharmacol 129:416-419. 

Hayashi T, Kondo T, Ishimatsu M, Yamada S, Nakamura K, Matsuoka K and Akasu 
T (2009) Expression of the TRPM8-immunoreactivity in dorsal root ganglion 
neurons innervating the rat urinary bladder. Neurosci Res 65:245-251. 

Haylen BT, de Ridder D, Freeman RM, Swift SE, Berghmans B, Lee J, Monga A, 
Petri E, Rizk DE, Sand PK and Schaer GN (2010) An international 
urogynecological association (IUGA)/international continence society (ICS) 
joint report on the terminology for female pelvic floor dysfunction. Neurourol 
Urodyn 29:4-20. 

He W, Xiang H, Liu D, Liu J, Li M, Wang Q, Qian Q, Li Y, Fu X, Chen P, Guo Y, 
Zeng G, Wu Z, Zhan D, Wang X, DiSanto ME and Zhang X (2020) Changes 
in the expression and function of the PDE5 pathway in the obstructed urinary 
bladder. J Cell Mol Med 24:13181-13195. 

Hebert KP, Klarskov N, Bagi P, Biering-Sørensen F and Elmelund M (2020) Long 
term continuation with repeated botulinum toxin A injections in people with 
neurogenic detrusor overactivity after spinal cord injury. Spinal Cord 58:675-
681. 

Hedlund P (2014) Cannabinoids and the endocannabinoid system in lower urinary 
tract function and dysfunction. Neurourol Urodyn 33:46-53. 

Hedlund P and Gratzke C (2016) The endocannabinoid system - a target for the 
treatment of LUTS? Nat Rev Urol 13:463-470. 

Hegde SS (2006) Muscarinic receptors in the bladder: from basic research to 
therapeutics. Br J Pharmacol 147:S80-S87. 
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Hegde SS, Choppin A, Bonhaus D, Briaud S, Loeb M, Moy TM, Loury D and Eglen 
RM (1997) Functional role of M2 and M3 muscarinic receptors in the urinary 
bladder of rats in vitro and in vivo. Br J Pharmacol 120:1409-1417. 

Hegde SS, Mammen M and Jasper JR (2004) Antimuscarinics for the treatment of 
overactive bladder: current options and emerging therapies. Curr Opin 
Investig Drugs 5:40-49. 

Helfand BT, Evans RM and McVary KT (2010) A comparison of the frequencies of 
medical therapies for overactive bladder in men and women: analysis of more 
than 7.2 million aging patients. Eur Urol 57:586-591. 

Hendrix SL, Cochrane BB, Nygaard IE, Handa VL, Barnabei VM, Iglesia C, Aragaki 
A, Naughton MJ, Wallace RB and McNeeley SG (2005) Effects of estrogen 
with and without progestin on urinary incontinence. JAMA 293:935-948. 

Hennenberg M, Kuppermann P, Yu Q, Herlemann A, Tamalunas A, Wang Y, Rutz B, 
Ciotkowska A, Strittmatter F, Stief CG and Gratzke C (2018) Inhibition of 
prostate smooth muscle contraction by inhibitors of Polo-like kinases. Front 
Physiol 9. 

Hennenberg M, Tamalunas A, Wang Y, Keller P, Schott M, Strittmatter F, Herlemann 
A, Yu Q, Rutz B, Ciotkowska A, Stief CG and Gratzke C (2017) Inhibition of 
agonist-induced smooth muscle contraction by picotamide in the male human 
lower urinary tract outflow region. Eur J Pharmacol 803:39-47. 

Herbison P, Hay-Smith J, Ellis G and Moore K (2003) Effectiveness of 
anticholinergic drugs compared with placebo in the treatment of overactive 
bladder: systematic review. Br Med J 326:841-844. 

Herschorn S, Barkin J, Castro-Diaz D, Frankel JM, Espuna-Pons M, Gousse AE, 
Stölzel M, Martin N, Gunther A and van Kerrebroeck P (2013) A phase III, 
randomized, double-blind, parallel-group, placebo-controlled, multicentre 
study to assess the efficacy and safety of the ß3-adrenoceptor agonist, 
mirabegron, in patients with symptoms of overactive bladder. Urology 82:313-
320. 

Herschorn S, Chapple CR, Abrams P, Arlandis S, Mitcheson D, Lee K-S, Ridder A, 
Stoelzel M, Paireddy A, van Maanen R and Robinson D (2017a) Efficacy and 
safety of combinations of mirabegron and solifenacin compared with 
monotherapy and placebo in patients with overactive bladder (SYNERGY 
study). BJU Int 120:562-575. 

Herschorn S, Gajewski J, Ethans K, Corcos J, Carlson K, Bailly G, Bard R, Valiquette 
L, Baverstock R, Carr L and Radomski S (2011) Efficacy of botulinum toxin 
A injection for neurogenic detrusor overactivity and urinary incontinence: a 
randomized, double-blind trial. J Urol 185:2229-2235. 

Herschorn S, Gajewski J, Schulz J and Corcos J (2008) A population-based study of 
urinary symptoms and incontinence: the Canadian Urinary Bladder Survey. 
BJU Int 101:52-58. 

Herschorn S, Kohan A, Aliotta P, McCammon K, Sriram R, Abrams S, Lam W and 
Everaert K (2017b) The efficacy and safety of onabotulinumtoxinA or 
solifenacin compared with placebo in solifenacin naïve patients with 
refractory overactive bladder: results from a multicenter, randomized, double-
blind phase 3b trial. J Urol 198:167-175. 

Herschorn S, Staskin D, Schermer CR, Kristy RM and Wagg A (2020) Safety and 
tolerability results from the PILLAR study: a phase IV, double-blind, 
randomized, placebo-controlled study of mirabegron in patients ≥ 65 years 
with overactive bladder-wet. Drugs Aging 37:665-676. 
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Hextall A (2000) Oestrogens and lower urinary tract function. Maturitas 36:83-92. 
Hextall A, Bidmead J, Cardozo L and Hooper R (2001) The impact of the menstrual 

cycle on urinary symptoms and the results of urodynamic investigation. BJOG 
108:1193-1196. 

Hicks A, McCafferty GP, Riedel E, Aiyar N, Pullen M, Evans C, Luce TD, Coatney 
RW, Rivera GC, Westfall TD and Hieble JP (2007) GW427353 (solabegron), 
a novel, selective ß3-adrenergic receptor agonist, evokes bladder relaxation 
and increases micturition reflex threshold in the dog. J Pharmacol Exp Ther 
323:202-209. 

Hieble JP, Bylund DB, Clarke DE, Eikenburg DC, Langer SZ, Lefkowitz RJ, 
Minneman KP and Ruffolo RR, Jr. (1995) International Union of 
Pharmacology X. Recommendation for nomenclature of α1-adrenoceptors: 
consensus update. Pharmacol Rev 47:267-270. 

Hill S, Elhilali M, Millard RJ, Dwyer PL, Lheritier K, Kawakami FT and Steel M 
(2007) Long-term darifenacin treatment for overactive bladder in patients aged 
65 years and older: analysis of results from a 2-year, open-label extension 
study. Curr Med Res Opin 23:2697-2704. 

Hillary CJ, Osman N and Chapple C (2015) Considerations in the modern 
management of stress urinary incontinence resulting from intrinsic sphincter 
deficiency. World J Urol 33:1251-1256. 

Hilton P, Hertogs K and Stanton SL (1983) The use of desmopressin (DDAVP) for 
nocturia in women with multiple sclerosis. JNeurolNeurosurgPsychiatry 
46:854-855. 

Hilton P and Stanton SL (1982) The use of desmopressin (DDAVP) in nocturnal 
urinary frequency in the female. Br J Urol 54:252-255. 

Hirst GR, Watkins AJ, Guerrero K, Wareham K, Emery SJ, Jones DR and Lucas MG 
(2007) Botulinum toxin B is not an effective treatment of refractory overactive 
bladder. Urology 69:69-73. 

Hoebeke P, De Caestecker K, Vande Walle J, Dehoorne J, Raes A, Verleyen P and 
Van Laecke E (2006) The effect of botulinum-A toxin in incontinent children 
with therapy resistant overactive detrusor. J Urol 176:328-330; discussion 
330-321. 

Hoebeke P, De Pooter J, De Caestecker K, Raes A, Dehoorne J, Van Laecke E and 
Vande Walle J (2009) Solifenacin for therapy resistant overactive bladder. J 
Urol 182:2040-2044. 

Hoebeke PB and Vande Walle J (2000) The pharmacology of paediatric incontinence. 
BJU Int 86:581-589. 

Homma Y, Nomiya A, Tagaya M, Oyama T, Takagaki K, Nishimatsu H and Igawa Y 
(2013) Increased mRNA expression of genes involved in pronociceptive 
inflammatory reactions in bladder tissue of interstitial cystitis. J Urol 
190:1925-1931. 

Homma Y and Yamaguchi O (2008) Long-term safety, tolerability, and efficacy of 
the novel anti-muscarinic agent imidafenacin in Japanese patients with 
overactive bladder. Int J Urol 15:986-991. 

Homma Y and Yamaguchi O (2009) A randomized, double-blind, placebo- and 
propiverine-controlled trial of the novel antimuscarinic agent imidafenacin in 
Japanese patients with overactive bladder. Int J Urol 16:499-506. 

Homma Y, Yamaguchi T and Yamaguchi O (2008) A randomized, double-blind, 
placebo-controlled phase II dose-finding study of the novel anti-muscarinic 
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agent imidafenacin in Japanese patients with overactive bladder. Int J Urol 
15:809-815. 

Honda M, Yoshimura N, Kawamoto B, Hikita K, Muraoka K, Shimizu S, Saito M, 
Chancellor MB and Takenaka A (2016) Anandamide transporter-mediated 
regulation of the micturition reflex in urethane-anesthetized rats. Int Urol 
Nephrol 48:1407-1412. 

Horstmann M, Schaefer T, Aguilar Y, Stenzl A and Sievert KD (2006) Neurogenic 
bladder treatment by doubling the recommended antimuscarinic dosage. 
Neurourol Urodyn 25:441-445. 

Hotta H, Morrison JF, Sato A and Uchida S (1995) The effects of aging on the rat 
bladder and its innervation. Jpn J Physiol 45:823-836. 

Hotta H and Watanabe N (2015) Gentle mechanical skin stimulation inhibits 
micturition contractions via the spinal opioidergic system and by decreasing 
both ascending and descending transmissions of the micturition reflex in the 
spinal cord. PLoS One 10:e0135185. 

Hou R, Yu Y and Jiang J (2021) PGE2 receptors in detrusor muscle: drugging the 
undruggable for urgency. Biochem Pharmacol 184:114363. 

Hoverd PA and Fowler CJ (1998) Desmopressin in the treatment of daytime urinary 
frequency in patients with multiple sclerosis. J Neurol Neurosurg Psychiatry 
65:778-780. 

Hristov KL, Smith AC, Parajuli SP, Malysz J, Rovner ES and Petkov GV (2016) 
Novel regulatory mechanism in human urinary bladder: central role of 
transient receptor potential melastatin 4 channels in detrusor smooth muscle 
function. Am J Physiol Cell Physiol 310:C600-611. 

Hruz P, Lövblad KO, Nirkko AC, Thoeny H, El-Koussy M and Danuser H (2008) 
Identification of brain structures involved in micturition with functional 
magnetic resonance imaging (fMRI). J Neuroradiol 35:144-149. 

Hsiao SM, Chang TC, Wu WY, Chen CH, Yu HJ and Lin HH (2011) Comparisons of 
urodynamic effects, therapeutic efficacy and safety of solifenacin versus 
tolterodine for female overactive bladder syndrome. J Obstet Gynaecol Res 
37:1084-1091. 

Huang R, Liu Y, Ciotkowska A, Tamalunas A, Waidelich R, Strittmatter F, Stief CG 
and Hennenberg M (2021) Concentration-dependent alpha1-adrenoceptor 
antagonism and inhibition of neurogenic smooth muscle contraction by 
mirabegron in the human prostate. Front Pharmacol 12. 

Huang R, Tamalunas A, Waidelich R, Strittmatter F, Stief CG and Hennenberg M 
(2022) Inhibition of full smooth muscle contraction in isolated human detrusor 
tissues by mirabegron is limited to off-target inhibition of neurogenic 
contractions. J Pharmacol Exp Ther 381:176-187. 

Hudman D, Elliott RA and Norman RI (2000) KATP channels mediate the beta2-
adrenoceptor agonist-induced relaxation of rat detrusor muscle. Eur J 
Pharmacol 397:169-176. 

Hughes KM, Lang JCT, Lazare R, Gordon D, Stanton SL, Malone-Lee J and Geraint 
M (1992) Measurement of oxybutynin and its N-desethyl metabolite in 
plasma, and its application to pharmacokinetic studies in young, elderly and 
frail elderly volunteers. Xenobiotica 22:859-869. 

Humeau Y, Doussau F, Grant NJ and Poulain B (2000) How botulinum and tetanus 
neurotoxins block neurotransmitter release. Biochimie 82:427-446. 

Hunsballe JM and Djurhuus JC (2001) Clinical options for imipramine in the 
management of urinary incontinence. Urol Res 29:118-125. 
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Hyman MJ, Groutz A and Blaivas JG (2001) Detrusor instability in men: correlation 
of lower urinary tract symptoms with urodynamic findings. J Urol 166:550-
552; discussion 553. 

Ichihara K, Masumori N, Fukuta F, Tsukamoto T, Iwasawa A and Tanaka Y (2015) A 
randomized controlled study of the efficacy of tamsulosin monotherapy and its 
combination with mirabegron for overactive bladder induced by benign 
prostatic obstruction. J Urol 193:921-926. 

Igawa Y, Aizawa N and Michel MC (2019) β3-Adrenoceptors in the normal and 
diseased urinary bladder – what are the open questions? Br J Pharmacol 
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Kaplan SA, He W, Koltun WD, Cummings J, Schneider T and Fakhoury A (2013) 
Solifenacin plus tamsulosin combination treatment in men with lower urinary 
tract symptoms and bladder outlet obstruction: a randomized controlled trial. 
Eur Urol 63:158-165. 

Kaplan SA, Herschorn S, McVary KT, Staskin D, Chapple C, Foley S, Cambronero 
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overactive bladder symptoms receiving tamsulosin for underlying benign 
prostatic hyperplasia: a randomized, phase 4 study (PLUS). J Urol 203:1163-
1171. 

Kaplan SA, McCammon K, Fincher R, Fakhoury A and He W (2009) Safety and 
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Sustained improvement in patient-reported outcomes during long-term 
fesoterodine treatment for overactive bladder symptoms: pooled analysis of 
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Kelleher CJ, Tubaro A, Wang JT and Kopp Z (2008) Impact of fesoterodine on 
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life of repeat detrusor injections of botulinum neurotoxin-A for detrusor 
overactivity in patients with multiple sclerosis. J Urol 185:1344-1349. 
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Kim TH and Lee KS (2016) Persistence and compliance with medication 
management in the treatment of overactive bladder. Investigative and Clinical 
Urology 57:84-93. 

Kim TH, Lee SE, Lee H-E and Lee K-S (2016b) Safety and efficacy of fesoterodine 
fumarate in patients with overactive bladder: results of a post-marketing 
surveillance study in Korea. Curr Med Res Opin 32:1361-1366. 

Kim Y, Yoshimura N, Masuda H, de Miguel F and Chancellor MB (2005) 
Antimuscarinic agents exhibit local inhibitory effects on muscarinic receptors 
in bladder-afferent pathways. Urology 65:238-242. 

Kim YS and Sainz RD (1992) ß-Adrenergic agonists and hypertrophy of skeletal 
muscles. Life Sci 50:397-407. 

Kinn AC and Harlid R (2003) Snoring as a cause of nocturia in men with lower 
urinary tract symptoms. Eur Urol 43:696-701. 

Kirby R, Roehrborn CG, Boyle P, Bartsch G, Jardin A, Cary MM, Sweeney M and 
Grossman EB (2003) Efficacy and tolerability of doxazosin and finasteride, 
alone or in combination, in treatment of symptomatic benign prostatic 
hyperplasia: the Prospective European Doxazosin and Combination Therapy 
(PREDICT) trial. Urology 61:119-126. 

Kirschstein T, Protzel C, Porath K, Sellmann T, Köhling R and Hakenberg OW 
(2014) Age-dependent contribution of Rho kinase in carbachol-induced 
contraction of human detrusor smooth muscle in vitro. Acta Pharmacol Sin 
35:74-81. 

Kirschstein T, Sahre T, Kernig K, Protzel C, Porath K, Köhling R and Hakenberg OW 
(2015) Inverse relationship of Rho kinase and myosin-light chain kinase 
expression in the aging human detrusor smooth muscle. BMC Urol 15:104. 

Kishimoto T, Morita T, Okamiya Y, Hoshina K and Takeshita T (1991) Effect of 
clenbuterol on contractile response in periurethral striated muscle of rabbits. 
Tohoku J Exp Med 165:243-245. 

Klausner AP, Rourke KF, Miner AS and Ratz PH (2009) Potentiation of carbachol-
induced detrusor smooth muscle contractions by ß-adrenoceptor activation. 
Eur J Pharmacol 606:191-198. 

Knight SL, Riley C, Wagh Y, Lee F, Shah J and Hamid R (2021) A retrospective 
review of the long term clinical outcomes of patients with neurogenic lower 
urinary tract dysfunction following transverse myelitis. Neurourol Urodyn 
40:219-227. 

Kobata SA, Girão MJ, Baracat EC, Kajikawa M, Di Bella V, Jr., Sartori MG and 
Jármy-Di Bella ZI (2008) Estrogen therapy influence on periurethral vessels in 
postmenopausal incontinent women using Dopplervelocimetry analysis. 
Maturitas 61:243-247. 

Kobayashi F, Yageta Y, Yamazaki T, Wakabayashi E, Inoue M, Segawa M and 
Matsuzawa S (2007) Pharmacological effects of imidafenacin (KRP-
197/ONO-8025), a new bladder selective anti-cholinergic agent, in rats. 
Arzneimittelforschung 57:147-154. 

Kojima Y, Sasaki S, Oda N, Koshimizu Ta, Hayashi Y, Kiniwa M, Tsujimoto G and 
Kohri K (2009) Prostate growth inhibition by subtype-selective alpha1-
adrenoceptor antagonist naftopidil in benign prostatic hyperplasia. Prostate 
69:1521-1528. 

Kories C, Czyborra C, Fetscher C, Schneider T, Krege S and Michel MC (2003) 
Gender comparison of muscarinic receptor expression and function in rat and 
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human urinary bladder: differential regulation of M2 and M3? Naunyn-
Schmiedeberg's Arch Pharmacol 367:524-531. 

Kornholt J, Sonne DP, Riis T, Sonne J and Klarskov N (2019) Effect of imipramine 
on urethral opening pressure: A randomized, double-blind, placebo-controlled 
crossover study in healthy women. Neurourol Urodyn 38:1076-1080. 

Kosilov K, Loparev S, Ivanovskaya M and Kosilova L (2015) Additional correction 
of OAB symptoms by two anti-muscarinics for men over 50 years old with 
residual symptoms of moderate prostatic obstruction after treatment with 
Tamsulosin. Aging Male 18:44-48. 

Kosilov K, Loparev S, Iwanowskaya M and Kosilova L (2014a) Effectiveness of 
combined high-dosed trospium and solifenacin depending on severity of OAB 
symptoms in elderly men and women under cyclic therapy. Cent European J 
Urol 67:43-48. 

Kosilov KV, Loparev SA, Ivanovskaya MA and Kosilova LV (2014b) Randomized 
controlled trial of cyclic and continuous therapy with trospium and solifenacin 
combination for severe overactive bladder in elderly patients with regard to 
patient compliance. Ther Adv Urol 6:215-223. 

Kosilov KV, Loparev SA, Ivanovskaya MA and Kosilova LV (2016) Effectiveness of 
solifenacin and trospium for managing of severe symptoms of overactive 
bladder in patients with benign prostatic hyperplasia. Am J Mens Health 
10:157-163. 

Kotecha P, Sahai A and Malde S (2021) Use of duloxetine for postprostatectomy 
stress urinary incontinence: a systematic review. Eur Urol Focus 7:618-628. 

Kraus SR, Ruiz-Cerdá JL, Martire D, Wang JT and Wagg AS (2010) Efficacy and 
tolerability of fesoterodine in older and younger subjects with overactive 
bladder. Urology 76:1350-1357. 

Krause P, Fuhr U, Schnitker J, Albrecht U, Stein R and Rubenwolf P (2013) 
Pharmacokinetics of intravesical versus oral oxybutynin in healthy adults: 
results of an open-label, ranodmized, prospective clinical study. J Urol 
190:1791-1797. 

Krauwinkel W, van Dijk J, Schaddelee M, Eltink C, Meijer J, Strabach G, van Marle 
S, Kerbusch V and van Gelderen M (2012) Pharmacokinetic properties of 
mirabegron, a ß3-adrenoceptor agonist: results from two phase I, randomized, 
multiple-dose studies in healthy young and elderly men and women. Clin Ther 
34:2144-2160. 

Krebs J, Pannek J, Rademacher F and Wöllner J (2021) Are 200 units of 
onabotulinumtoxin A sufficient for the suppression of neurogenic detrusor 
overactivity in individuals with established 300-unit botulinum toxin 
treatment? A retrospective cohort study. World J Urol 39:543-547. 

Krhut J, Borovička V, Bílková K, Sýkora R, Míka D, Mokriš J and Zachoval R (2018) 
Efficacy and safety of mirabegron for the treatment of neurogenic detrusor 
overactivity-Prospective, randomized, double-blind, placebo-controlled study. 
Neurourol Urodyn 37:2226-2233. 

Kullmann FA, Beckel JM, McDonnell B, Gauthier C, Lynn AM, Wolf-Johnston A, 
Kanai A, Zabbarova IV, Ikeda Y, de Groat WC and Birder LA (2018) 
Involvement of TRPM4 in detrusor overactivity following spinal cord 
transection in mice. Naunyn Schmiedebergs Arch Pharmacol 391:1191-1202. 

Kummeling MT, Buijs JT, Wisse LJ, van Uhm JI, Elzevier HW, de Ruiter MC and 
Groenendijk PM (2020) Initial report on distribution of β3-adrenoceptor in the 
human female urethra. Neurourol Urodyn 39:125-132. 
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Kummer W and Krasteva-Christ G (2014) Non-neuronal cholinergic airway 
epithelium biology. Curr Opin Pharmacol 16:43-49. 

Kuo HC (2003) Effectiveness of intravesical resiniferatoxin in treating detrusor 
hyper-reflexia and external sphincter dyssynergia in patients with chronic 
spinal cord lesions. BJU Int 92:597-601. 

Kuo HC (2004) Urodynamic evidence of effectiveness of botulinum A toxin injection 
in treatment of detrusor overactivity refractory to anticholinergic agents. 
Urology 63:868-872. 

Kuo HC (2005) Multiple intravesical instillation of low-dose resiniferatoxin is 
effective in the treatment of detrusor overactivity refractory to 
anticholinergics. BJU Int 95:1023-1027. 

Kuo HC (2007) Comparison of effectiveness of detrusor, suburothelial and bladder 
base injections of botulinum toxin a for idiopathic detrusor overactivity. J 
Urol 178:1359-1363. 

Kuo HC, Liu HT, Chuang YC, Birder L and Chancellor MB (2014) Pilot study of 
liposome-encapsulated onabotulinumtoxinA for patients with overactive 
bladder: a single-center study. Eur Urol 65:1117-1124. 

Kuo HC, Liu HT and Yang WC (2006) Therapeutic effect of multiple resiniferatoxin 
intravesical instillations in patients with refractory detrusor overactivity: a 
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Association of nocturia and mortality: results from the Third National Health 
and Nutrition Examination Survey. J Urol 185:571-577. 

Kupelian V, Wei JT, O'Leary MP, Norgaard JP, Rosen RC and McKinlay JB (2012) 
Nocturia and quality of life: results from the Boston area community health 
survey. Eur Urol 61:78-84. 

Kushida N, Yamaguchi O, Kawashima Y, Akaihata H, Hata J, Ishibashi K, Aikawa K 
and Kojima Y (2016) Uni-axial stretch induces actin stress fiber 
reorganization and activates c-Jun NH2 terminal kinase via RhoA and Rho 
kinase in human bladder smooth muscle cells. BMC Urol 16:9. 

Kyprianou N, Vaughan TB and Michel MC (2009) Apoptosis induction by doxazosin 
and other quinazoline α1-adrenoceptor antagonists: a new mechanism for 
cancer treatment? Naunyn-Schmiedeberg's Arch Pharmacol 380:473-477. 

La Torre A, Giupponi G, Duffy D, Conca A, Cai T and Scardigli A (2016) Sexual 
dysfunction related to drugs: a critical review. Part V: α-blocker and 5-ARI 
drugs. Pharmacopsychiatry 49:3-13. 

Ladi-Seyedian SS, Nabavizadeh B, Sharifi-Rad L and Kajbafzadeh AM (2018) 
Pharmacological treatments available for the management of underactive 
bladder in neurological conditions. Expert Rev Clin Pharmacol 11:193-204. 

Ladi-Seyedian SS, Sharifi-Rad L and Kajbafzadeh AM (2020) Botulinum toxin type 
A therapy: intravesical injection or electromotive drug administration. 
Urology 142:190-194. 

Lashinger ES, Steiginga MS, Hieble JP, Leon LA, Gardner SD, Nagilla R, Davenport 
EA, Hoffman BE, Laping NJ and Su X (2008) AMTB, a TRPM8 channel 
blocker: evidence in rats for activity in overactive bladder and painful bladder 
syndrome. Am J Physiol Renal Physiol 295:F803-810. 

Lazzeri M, Beneforti P, Spinelli M, Zanollo A, Barbagli G and Turini D (2000) 
Intravesical resiniferatoxin for the treatment of hypersensitive disorder: a 
randomized placebo controlled study. J Urol 164:676-679. 
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Lazzeri M, Beneforti P and Turini D (1997) Urodynamic effects of intravesical 
resiniferatoxin in humans: preliminary results in stable and unstable detrusor. 
J Urol 158:2093-2096. 

Lazzeri M, Spinelli M, Beneforti P, Malaguti S, Giardiello G and Turini D (2004) 
Intravesical infusion of resiniferatoxin by a temporary in situ drug delivery 
system to treat interstitial cystitis: a pilot study. Eur Urol 45:98-102. 

Lazzeri M, Spinelli M, Beneforti P, Zanollo A and Turini D (1998) Intravesical 
resiniferatoxin for the treatment of detrusor hyperreflexia refractory to 
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32:331-334. 
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prospective, randomized, controlled multicenter study. J Urol 174:1334-1338. 

Lee KS, Park B, Kim JH, Kim HG, Seo JT, Lee JG, Jang Y and Choo MS (2013b) A 
randomised, double-blind, parallel design, multi-institutional, non-inferiority 
phase IV trial of imidafenacin versus fesoterodine for overactive bladder. Int J 
Clin Pract 67:1317-1326. 

Lee KW, Hur KJ, Kim SH, Cho SY, Bae SR, Park BH, Lee YS, Han CH and Kim 
HW (2017) Initial use of high-dose anticholinergics combined with alpha-
blockers for male lower urinary tract symptoms with overactive bladder: a 
prospective, randomized preliminary study. Low Urin Tract Symptoms 9:129-
133. 

Lee WC, Leu S, Wu KLH, Tain YL, Chuang YC and Chan JYH (2021) Tadalafil 
ameliorates bladder overactivity by restoring insulin-activated detrusor 
relaxation via the bladder mucosal IRS/PI3K/AKT/eNOS pathway in fructose-
fed rats. Sci Rep 11:8202. 

Lee YS, Choo MS, Lee JY, Oh SJ and Lee KS (2011) Symptom change after 
discontinuation of successful antimuscarinic treatment in patients with 
overactive bladder symptoms: a randomised, multicentre trial. Int J Clin Pract 
65:997-1004. 

Lei Z, Ishizuka O, Imamura T, Noguchi W, Yamagishi T, Yokoyama H, Kurizaki Y, 
Sudha GS, Hosoda T, Nishizawa O and Andersson K-E (2013) Functional 
roles of transient receptor potential melastatin 8 (TRPM8) channels in the cold 
stress-induced detrusor overactivity pathways in conscious rats. Neurourol 
Urodyn 32:500-504. 

Leitner L, Sammer U, Walter M, Knüpfer SC, Schneider MP, Seifert B, Tornic J, 
Mehnert U and Kessler TM (2016) Antibiotic prophylaxis may not be 
necessary in patients with asymptomatic bacteriuria undergoing intradetrusor 
onabotulinumtoxinA injections for neurogenic detrusor overactivity. Sci Rep 
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Leng J, Liao L, Wan B, Du C, Li W, Xie K, Shen Z, Xu Z, Wu S, Fang Z, Ma L, Han 
S, Feustel C, Yang Y and Madersbacher H (2017) Results of a randomized, 
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double-blind, active-controlled clinical trial with propiverine extended release 
30 mg in patients with overactive bladder. BJU Int 119:148-157. 

Leonhäuser D, Kranz J, Leidolf R, Arndt P, Schwantes U, Geyer J and Grosse JO 
(2019) Expression of components of the urothelial cholinergic system in 
bladder and cultivated primary urothelial cells of the pig. BMC Urol 19:62. 

Lepor H, Williford WO, Barry MJ, Brawer MK, Dixon CM, Gormley G, Haakenson 
C, Machi M, Narayan P and Padley RJ (1996) The efficacy of terazosin, 
finasteride, or both in benign prostatic hyperplasia. N Engl J Med 335:533-
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Lethaby A, Ayeleke RO and Roberts H (2016) Local oestrogen for vaginal atrophy in 
postmenopausal women. Cochrane Database Syst Rev 2016:Cd001500. 

Leung FP, Yung LM, Yao X, Laher I and Huang Y (2008) Store-operated calcium 
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Li B, Wang R, Wang Y, Stief CG and Hennenberg M (2020a) Regulation of smooth 
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Pharmacol 393:829-842. 

Li H, Kong W, Chambers CR, Yu D, Ganea D, Tuma RF and Ward SJ (2018a) The 
non-psychoactive phytocannabinoid cannabidiol (CBD) attenuates pro-
inflammatory mediators, T cell infiltration, and thermal sensitivity following 
spinal cord injury in mice. Cell Immunol 329:1-9. 

Li H, Zuo J and Tang W (2018b) Phosphodiesterase-4 inhibitors for the treatment of 
inflammatory diseases. Front Pharmacol 9:1048. 

Li X, Liao L, Chen G, Wang Z and Deng H (2017) Involvement of opioid receptors in 
inhibition of bladder overactivity induced by sacral neuromodulation in pigs: 
A possible action mechanism. Neurourol Urodyn 36:1742-1748. 

Liao CH and Kuo HC (2013) Increased risk of large post-void residual urine and 
decreased long-term success rate after intravesical onabotulinumtoxinA 
injection for refractory idiopathic detrusor overactivity. J Urol 189:1804-1810. 

Liberman D, Milhouse O, Johnson-Mitchell M and Siegel SW (2018) Real-world 
retention rates after intravesical onabotulinumtoxinA for idiopathic overactive 
bladder. Female Pelvic Med Reconstr Surg 24:404-407. 

Limberg BJ, Andersson KE, Kullmann FA, Burmer G, De Groat WC and Rosenbaum 
JS (2010) ß-Adrenergic receptor subtype expression in myocyte and non-
myocyte cells in human female bladder. Cell Tissue Res 342:295-306. 

Lin HH, Sheu BC, Lo MC and Huang SC (1999) Comparison of treatment outcomes 
for imipramine for female genuine stress incontinence. Br J Obstet Gynaecol 
106:1089-1092. 

Lin VC, Liao CH and Kuo HC (2014) Progression of lower urinary tract symptoms 
after discontinuation of 1 medication from 2-year combined alpha-blocker and 
5-alpha-reductase inhibitor therapy for benign prostatic hyperplasia in men--a 
randomized multicenter study. Urology 83:416-421. 
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an experimental model of detrusor overactivity. Eur J Pharmacol 833:425-
431. 

Liu BK, Jin XW, Lu HZ, Zhang X, Zhao ZH and Shao Y (2019) The effects of 
neurokinin-1 receptor antagonist in an experimental autoimmune cystitis 
model resembling bladder pain syndrome/interstitial cystitis. Inflammation 
42:246-254. 

Liu HT, Chancellor MB and Kuo HC (2009) Urinary nerve growth factor levels are 
elevated in patients with detrusor overactivity and decreased in responders to 
detrusor botulinum toxin-A injection. Eur Urol 56:700-707. 
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instillations of resiniferatoxin in patients with refractory idiopathic detrusor 
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molecular basis of urgency: regional difference of vanilloid receptor 
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Lucioni A, Bales GT, Lotan TL, McGehee DS, Cook SP and Rapp DE (2008) 
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patients with incontinent overactive bladder and an inadequate response to 
solifenacin monotherapy: responder analyses and patient-reported outcomes 
from the BESIDE study [corrected]. J Urol 196:809-818. 

Madersbacher H, Halaska M, Voigt R, Alloussi S and Höfner K (1999) A placebo-
controlled, multicentre study comparing the tolerability and efficacy of 
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propiverine and oxybutynin in patients with urgency and urge incontinence. 
BJU Int 84:646-651. 
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crossover trial comparing the efficacy and safety of fesoterodine and 
extended-release oxybutynin in children with overactive bladder with 12-
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Rapp DE, Lucioni A, Katz EE, O'Connor RC, Gerber GS and Bales GT (2004) Use of 
botulinum-A toxin for the treatment of refractory overactive bladder 
symptoms: an initial experience. Urology 63:1071-1075. 
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urinary tract physiology and in the pathophysiology of urinary dysfunction. 
Eur Urol 48:303-308. 
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calcitonin gene-related peptide release from isolated rat bladder. J Urol 
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botulinum toxin-A in hydrogel-based slow-release delivery system in patients 
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Muscarinic cholinergic receptors promote growth of human prostate cancer 
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Pediatr Urol 4:428-433. 
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(2007) Do repeat intradetrusor botulinum toxin type a injections yield valuable 
results? Clinical and urodynamic results after five injections in patients with 
neurogenic detrusor overactivity. Eur Urol 52:1729-1735. 

Reitz A and Schurch B (2004) Botulinum toxin type B injection for management of 
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804-805. 
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due to neurogenic detrusor overactivity. Eur Urol 45:510-515. 
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with nocturia: short-term safety and effects on urine output, sleep and voiding 
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analysis of risk factors for hyponatremia. Neurourol Urodyn 25:105-109. 
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Hartmann K (2015) Comparative effectiveness of anticholinergic therapy for 
overactive bladder in women. A systematic review and meta-analysis. Obstet 
Gynecol 125:1423-1432. 

Riccabona M, Koen M, Schindler M, Goedele B, Pycha A, Lusuardi L and Bauer SB 
(2004) Botulinum-A toxin injection into the detrusor: a safe alternative in the 
treatment of children with myelomeningocele with detrusor hyperreflexia. J 
Urol 171:845-848; discussion 848. 

Richter HE, Amundsen CL, Erickson SW, Jelovsek JE, Komesu Y, Chermansky C, 
Harvie HS, Albo M, Myers D, Gregory WT and Wallace D (2017a) 
Characteristics associated with treatment response and satisfaction in women 
undergoing onabotulinumtoxinA and sacral neuromodulation for refractory 
urgency urinary incontinence. J Urol 198:890-896. 
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Richter HE, Moalli P, Amundsen CL, Malykhina AP, Wallace D, Rogers R, Myers D, 
Paraiso M, Albo M, Shi H, Nolen T, Meikle S and Word RA (2017b) Urinary 
biomarkers in women with refractory urgency urinary incontinence 
randomized to sacral neuromodulation versus onabotulinumtoxinA compared 
to controls. J Urol 197:1487-1495. 

Rios LA, Panhoca R, Mattos D, Jr., Srugi M and Bruschini H (2007) Intravesical 
resiniferatoxin for the treatment of women with idiopathic detrusor 
overactivity and urgency incontinence: A single dose, 4 weeks, double-blind, 
randomized, placebo controlled trial. Neurourol Urodyn 26:773-778. 

Rittig S, Jensen AR, Jensen KT and Pedersen EB (1998) Effect of food intake on the 
pharmacokinetics and antidiuretic activity of oral desmopressin (DDAVP) in 
hydrated normal subjects. Clin Endocrinol (Oxf) 48:235-241. 

Robinson D, Abrams P, Cardozo L, Ellis-Jones J, Heath P and Wyllie M (2011) The 
efficacy and safety of PSD503 (phenylephrine 20%, w/w) for topical 
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multicentre, double-blind, placebo controlled, 2-way cross over study. Eur J 
Obstet Gynecol Reprod Biol 159:457-460. 

Robinson D and Cardozo L (2010) New drug treatments for urinary incontinence. 
Maturitas 65:340-347. 

Robinson D, Cardozo L, Akeson M, Hvistendahl G, Riis A and Norgaard JP (2004) 
Antidiuresis: a new concept in managing female daytime urinary incontinence. 
BJU Int 93:996-1000. 

Robinson D, Cardozo L, Terpstra G and Bolodeoku J (2007) A randomized double-
blind placebo-controlled multicentre study to explore the efficacy and safety 
of tamsulosin and tolterodine in women with overactive bladder syndrome. 
BJU Int 100:840-845. 

Robinson D and Cardozo LD (2003) The role of estrogens in female lower urinary 
tract dysfunction. Urology 62:45-51. 

Robinson D, Kelleher C, Staskin D, Mueller ER, Falconer C, Wang J, Ridder A, 
Stoelzel M, Paireddy A, van Maanen R, Hakimi Z and Herschorn S (2018) 
Patient-reported outcomes from SYNERGY, a randomized, double-blind, 
multicenter study evaluating combinations of mirabegron and solifenacin 
compared with monotherapy and placebo in OAB patients. Neurourol Urodyn 
37:394-406. 

Robinson D, Rainer RO, Washburn SA and Clarkson TB (1996) Effects of estrogen 
and progestin replacement on the urogenital tract of the ovariectomized 
cynomolgus monkey. Neurourol Urodyn 15:215-221. 

Robson WL, Leung AK and Norgaard JP (2007) The comparative safety of oral 
versus intranasal desmopressin for the treatment of children with nocturnal 
enuresis. J Urol 178:24-30. 

Roehrborn CG, Barkin J, Tubaro A, Emberton M, Wilson TH, Brotherton BJ and 
Castro R (2014) Influence of baseline variables on changes in International 
Prostate Symptom Score after combined therapy with dutasteride plus 
tamsulosin or either monotherapy in patients with benign prostatic hyperplasia 
and lower urinary tract symptoms: 4-year results of the CombAT study. BJU 
Int 113:623-635. 

Roehrborn CG, Siami P, Barkin J, Damiao R, Becher E, Minana B, Mirone V, Castro 
R, Wilson T and Montorsi F (2009) The influence of baseline parameters on 
changes in International Prostate Symptom Score with dutasteride, tamsulosin, 
and combination therapy among men with symptomatic benign prostatic 

has not been copyedited and formatted. The final version may differ from this version. 
Pharmrev Fast Forward. Published on 14 March 2023 as DOI 10.1124/pharmrev.121.000523 This article

at A
SPE

T
 Journals on M

ay 23, 2023
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


 223

hyperplasia and an enlarged prostate: 2-year data from the CombAT study. 
Eur Urol 55:461-471. 

Roehrborn CG, Siami P, Barkin J, Damiao R, Major-Walker K, Nandy I, Morrill BB, 
Gagnier RP and Montorsi F (2010) The effects of combination therapy with 
dutasteride and tamsulosin on clinical outcomes in men with symptomatic 
benign prostatic hyperplasia: 4-year results from the CombAT study. Eur Urol 
57:123-131. 

Roosen A, Datta SN, Chowdhury RA, Patel PM, Kalsi V, Elneil S, Dasgupta P, 
Kessler TM, Khan S, Panicker J, Fry CH, Brandner S, Fowler CJ and 
Apostolidis A (2009) Suburothelial myofribroblasts in the human overactive 
bladder and the effect of botulinum neurotoxin type A treatment. EurUrol 
55:1440-1449. 

Rosa GM, Baccino D, Valbusa A, Scala C, Barra F, Brunelli C and Ferrero S (2018) 
Cardiovascular effects of antimuscarinic agents and beta3-adrenergic receptor 
agonist for the treatment of overactive bladder. Expert Opin Drug Safety 
17:487497. 

Rosa GM, Ferrero S, Nittoi VW, Wagg A, Saleem T and Chapple CR (2016) 
Cardiovascular safety of ß3-adrenoceptor agonists for the treatment of patients 
with overactive bladder syndrome. Eur Urol 69:311-323. 

Rossanese M, Novara G, Challacombe B, Iannetti A, Dasgupta P and Ficarra V 
(2015) Critical analysis of phase II and III randomised control trials (RCTs) 
evaluating efficacy and tolerability of a β₃-adrenoceptor agonist (Mirabegron) 
for overactive bladder (OAB). BJU Int 115:32-40. 

Rouget C, Rekik M, Camparo P, Botto H, Rischmann P, Lluel P, Palea S and Westfall 
TD (2014) Modulation of nerve-evoked contractions by β3-adrenoceptor 
agonism in human and rat isolated urinary bladder. Pharmacol Res 80:14-20. 

Round P, Priestley A and Robinson J (2011) An investigation of the safety and 
pharmacokinetics of the novel TRPV1 antagonist XEN-D0501 in healthy 
subjects. Br J Clin Pharmacol 72:921-931. 

Rovner E, Chai TC, Jacobs S, Christ G, Andersson KE, Efros M, Nitti V, Davies K, 
McCullough AR and Melman A (2020) Evaluating the safety and potential 
activity of URO-902 (hMaxi-K) gene transfer by intravesical instillation or 
direct injection into the bladder wall in female participants with idiopathic 
(non-neurogenic) overactive bladder syndrome and detrusor overactivity from 
two double-blind, imbalanced, placebo-controlled randomized phase 1 trials. 
Neurourol Urodyn 39:744-753. 

Rovner E, Kennelly M, Schulte-Baukloh H, Zhou J, Haag-Molkenteller C and 
Dasgupta P (2011) Urodynamic results and clinical outcomes with 
intradetrusor injections of onabotulinumtoxinA in a randomized, placebo-
controlled dose-finding study in idiopathic overactive bladder. Neurourol 
Urodyn 30:556-562. 

Rovner ES, Kreder K, Sussman DO, Kaplan SA, Carlsson M, Bavendam T and Guan 
Z (2008) Effect of tolterodine extended release with or without tamsulosin on 
measures of urgency and patient reported outcomes in men with lower urinary 
tract symptoms. J Urol 180:1034-1041. 

Rudy D, Cline K, Harris R, Goldberg K and Dmochowski R (2006) Multicenter phase 
III trial studying trospium chloride in patients with overactive bladder. 
Urology 67:275-280. 

Rufford J, Hextall A, Cardozo L and Khullar V (2003) A double-blind placebo-
controlled trial on the effects of 25 mg estradiol implants on the urge 
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syndrome in postmenopausal women. Int Urogynecol J Pelvic Floor Dysfunct 
14:78-83. 

Ruggieri MR, Sr. (2006) Mechanisms of disease: role of purinergic signaling in the 
pathophysiology of bladder dysfunction. Nat Clin Pract Urol 3:206-215. 

Ruggieri MR, Sr. (2011) Cannabinoids: potential targets for bladder dysfunction. 
Handb Exp Pharmacol:425-451. 

Sacco E and Bientinesi R (2015) Innovative pharmacotherapies for women with 
overactive bladder: where are we now and what is in the pipeline? Int 
Urogynecol J 26:629-640. 

Sadananda P, Drake MJ, Paton JFR and Pickering AE (2013) A functional analysis of 
the influence of ß3-adrenoceptors on the rat micturition cycle. J Pharmacol 
Exp Ther 347:506-515. 
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after botulinum toxin-A injections for idiopathic detrusor overactivity: results 
from a randomized double-blind placebo-controlled trial. BJU Int 103:1509-
1515. 

Sahai A, Khan MS and Dasgupta P (2007) Efficacy of botulinum toxin-A for treating 
idiopathic detrusor overactivity: results from a single center, randomized, 
double-blind, placebo controlled trial. J Urol 177:2231-2236. 
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Sildenafil influences lower urinary tract symptoms. BJU Int 90:836-839. 

Saito H, Yamada T, Oshima H, Morita T, Mizuo T, Takeuchi S, Ando M and Sekine 
H (1999) A comparative study of the efficacy and safety of tamsulosin 
hydrochloride (Harnal capsules) alone and in combination with propiverine 
hydrochloride (BUP-4 tablets) in patients with prostatic hypertrophy 
associated with pollakiuria and/or urinary incontinence. Japanese Journal of 
Urological Surgery 12:525-536. 

Saito M, Okada Si, Kazuyama E, Satoh I, Kinoshita Y and Satoh K (2008) 
Pharmacological properties, functional alterations and gene expression of 
muscarinic receptors in young and old type 2 Goto-Kakizaki diabetic rat 
bladders. J Urol 180:2701-2705. 

Sakai H, Igawa T, Onita T, Furukawa M, Hakariya T, Hayashi M, Matsuya F, Shida 
Y, Nishimura N, Yogi Y, Tsurusaki T, Takehara K, Nomata K, Shiraishi K, 
Shono T, Aoki D and Kanetake H (2011) [Efficacy of naftopidil in patients 
with overactive bladder associated with benign prostatic hyperplasia: 
prospective randomized controlled study to compare differences in efficacy 
between morning and evening medication]. Hinyokika Kiyo 57:7-13. 

Sakakibara R (2019) Neurogenic lower urinary tract dysfunction in multiple sclerosis, 
neuromyelitis optica, and related disorders. Clin Auton Res 29:313-320. 

Sakalis V, Gkotsi A, Charpidou D, Tsafrakidis P and Apostolidis A (2021) The effect 
of pharmacotherapy on prostate volume, prostate perfusion and prostate-
specific antigen (prostate morphometric parameters) in patients with lower 
urinary tract symptoms and benign prostatic obstruction. A systematic review 
and meta-analysis. Cent European J Urol 74:388-421. 
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Sakalis V, Sfiggas V, Vouros I, Salpiggidis G, Papathanasiou A and Apostolidis A 
(2018) Combination of solifenacin with tamsulosin reduces prostate volume 
and vascularity as opposed to tamsulosin monotherapy in patients with benign 
prostate enlargement and overactive bladder symptoms: Results from a 
randomized pilot study. Int J Urol 25:737-745. 

Salazar BH, Hoffman KA, Zhang C, Zhang Y, Cruz Y, Boone TB and Munoz A 
(2019) Modulatory effects of intravesical P2X2/3 purinergic receptor 
inhibition on lower urinary tract electromyographic properties and voiding 
function of female rats with moderate or severe spinal cord injury. BJU Int 
123:538-547. 

Sammour ZM, Gomes CM, Barbosa ER, Lopes RI, Sallem FS, Trigo-Rocha FE, 
Bruschini H and Srougi M (2009) Voiding dysfunction in patients with 
Parkinson's disease: impact of neurological impairment and clinical 
parameters. Neurourol Urodyn 28:510-515. 

Sand C and Michel MC (2014) Bradykinin contracts rat urinary blader largely 
independent of phospholipase C. J Pharmacol Exp Ther 348:25-31. 

Sand PK, Davila GW, Lucente VR, Thomas H, Caramelli KE and Hoel G (2012a) 
Efficacy and safety of oxybutynin chloride topical gel for women with 
overactive bladder syndrome. Am J Obstet Gynecol 206:168.e161-166. 

Sand PK, Dmochowski RR, Reddy J and van der Meulen EA (2013) Efficacy and 
safety of low dose desmopressin orally disintegrating tablet in women with 
nocturia: results of a multicenter, randomized, double-blind, placebo 
controlled, parallel group study. J Urol 190:958-964. 

Sand PK, Heesakkers J, Kraus SR, Carlsson M, Guan Z and Berriman S (2012b) 
Long-term safetry, tolerability and efficacy of fesoterodine in subjects with 
overactive bladder symptoms stratified by age. Pooled analysis of two open-
label extension studies. Drugs Aging 29:119-131. 

Sand PK, Johnson Ii TM, Rovner ES, Ellsworth PI, Oefelein MG and Staskin DR 
(2011) Trospium chloride once-daily extended release is efficacious and 
tolerated in elderly subjects (aged ≥ 75 years) with overactive bladder 
syndrome. BJU Int 107:612-620. 

Santos-Pereira M and Charrua A (2020) Understanding underactive bladder: a review 
of the contemporary literature. Porto Biomed J 5:e070. 

Sawada N, Nomiya M, Hood B, Koslov D, Zarifpour M and Andersson KE (2013) 
Protective effect of a ß3-adrenoceptor agonist on bladder function in a rat 
model of chronic bladder ischemia. Eur Urol 64:664-671. 

Schagen van Leeuwen JH, Lange RR, Jonasson AF, Chen WJ and Viktrup L (2008) 
Efficacy and safety of duloxetine in elderly women with stress urinary 
incontinence or stress-predominant mixed urinary incontinence. Maturitas 
60:138-147. 

Schiavi MC, D'Oria O, Aleksa N, Vena F, Prata G, Di Tucci C, Savone D, Sciuga V, 
Giannini A, Meggiorini ML, Monti M, Zullo MA, Muzii L and Benedetti 
Panici P (2019) Usefulness of ospemifene in the treatment of urgency in 
menopausal patients affected by mixed urinary incontinence underwent mid-
urethral slings surgery. Gynecol Endocrinol 35:155-159. 

Schiavi MC, Sciuga V, Giannini A, Vena F, D'Oria O, Prata G, Di Tucci C, Savone 
D, Aleksa N, Capone C, Di Mascio D, Meggiorini ML, Monti M, Zullo MA, 
Muzii L and Benedetti Panici P (2018) Overactive bladder syndrome treatment 
with ospemifene in menopausal patients with vulvovaginal atrophy: 
improvement of sexuality? Gynecol Endocrinol 34:666-669. 
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Schiavi MC, Zullo MA, Faiano P, D'Oria O, Prata G, Colagiovanni V, Giannini A, Di 
Tucci C, Perniola G, Di Donato V, Monti M, Muzii L and Benedetti Panici P 
(2017) Retrospective analysis in 46 women with vulvovaginal atrophy treated 
with ospemifene for 12 weeks: improvement in overactive bladder symptoms. 
Gynecol Endocrinol 33:942-945. 

Schmid DM, Sauermann P, Werner M, Schuessler B, Blick N, Muentener M, Strebel 
RT, Perucchini D, Scheiner D, Schaer G, John H, Reitz A, Hauri D and 
Schurch B (2006) Experience with 100 cases treated with botulinum-A toxin 
injections in the detrusor muscle for idiopathic overactive bladder syndrome 
refractory to anticholinergics. J Urol 176:177-185. 

Schmidt M, Bienek C, van Koppen CJ, Michel MC and Jakobs KH (1995) 
Differential calcium signalling by m2 and m3 muscarinic acetylcholine 
receptors in a single cell type. Naunyn-Schmiedeberg's Arch Pharmacol 
352:469-476. 

Schneider T, de la Rosette JJMCH and Michel MC (2009) Nocturia - a non-specific 
but important symptom of urological disease. Int J Urol 16:249-256. 

Schneider T, Fetscher C, Krege S and Michel MC (2004a) Signal transduction 
underlying carbachol-induced contraction of human urinary bladder. J 
Pharmacol Exp Ther 309:1148-1153. 

Schneider T, Fetscher C and Michel MC (2011) Human urinary bladder strip 
relaxation by the ß-adrenoceptor agonist isoprenaline: methodological 
considerations and effects of gender and age. Front Pharmacol 2:11. 

Schneider T, Hein P, Bai J and Michel MC (2005a) A role for muscarinic receptors or 
rho-kinase in hypertension associated rat bladder dysfunction? J Urol 
173:2178-2181. 

Schneider T, Hein P, Michel-Reher M and Michel MC (2005b) Effects of ageing on 
muscarinic receptor subtypes and function in rat urinary bladder. Naunyn-
Schmiedeberg's Arch Pharmacol 372:71-78. 

Schneider T, Hein P and Michel MC (2004b) Signal transduction underlying 
carbachol-induced contraction of rat urinary bladder. I. Phospholipases and 
Ca2+ sources. J Pharmacol Exp Ther 308:47-53. 

Schneider T, Marschall-Kehrel D, Hanisch JU and Michel MC (2010) Do gender, age 
or life style factors affect responses to anti-muscarinic treatment in overactive 
bladder patients? Int J Clin Pract 64:1287-1293. 

Schneider T and Michel MC (2010) Can [125I]-iodocyanopindolol label ß3-
adrenoceptors in rat urinary bladder? Front Pharmacol 1:128. 

Schönburg S, Murgas S, Fornara P and Michel MC (2022) Associations between the 
Patient Perception of Bladder Condition score and overactive bladder 
syndrome symptoms at baseline and upon treatment. Neurourol Urodyn 
41:1399-1405. 

Schröder A, Chichester P, Kogan BA, Longhurst PA, Lieb J, Das AK and Levin RM 
(2001) Effect of chronic bladder outlet obstruction on blood flow of the rabbit 
bladder. J Urol 165:640-646. 

Schröder A, Colli E, Maggi M and Andersson KE (2006) Effects of a vitamin D(3) 
analogue in a rat model of bladder outlet obstruction. BJU Int 98:637-642. 

Schröder A, Newgreen D and Andersson KE (2004) Detrusor responses to 
prostaglandin E2 and bladder outlet obstruction in wild-type and EP1 receptor 
knockout mice. J Urol 172:1166-1170. 

Schulte-Baukloh H, Michael T, Schobert J, Stolze T and Knispel HH (2002) Efficacy 
of botulinum-a toxin in children with detrusor hyperreflexia due to 
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myelomeningocele: preliminary results. Urology 59:325-327; discussion 327-
328. 

Schulte-Baukloh H, Michael T, Stürzebecher B and Knispel HH (2003) Botulinum-a 
toxin detrusor injection as a novel approach in the treatment of bladder 
spasticity in children with neurogenic bladder. Eur Urol 44:139-143. 

Schulte-Baukloh H, Zurawski TH, Knispel HH, Miller K, Haferkamp A and Dolly JO 
(2007) Persistence of the synaptosomal-associated protein-25 cleavage 
product after intradetrusor botulinum toxin A injections in patients with 
myelomeningocele showing an inadequate response to treatment. BJU Int 
100:1075-1080. 

Schurch B, de Sèze M, Denys P, Chartier-Kastler E, Haab F, Everaert K, Plante P, 
Perrouin-Verbe B, Kumar C, Fraczek S and Brin MF (2005) Botulinum toxin 
type a is a safe and effective treatment for neurogenic urinary incontinence: 
results of a single treatment, randomized, placebo controlled 6-month study. J 
Urol 174:196-200. 

Schurch B, Denys P, Kozma CM, Reese PR, Slaton T and Barron RL (2007) 
Botulinum toxin A improves the quality of life of patients with neurogenic 
urinary incontinence. Eur Urol 52:850-858. 
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with botulinum toxin A. N Engl J Med 342:665. 

Schurch B, Stöhrer M, Kramer G, Schmid DM, Gaul G and Hauri D (2000b) 
Botulinum-A toxin for treating detrusor hyperreflexia in spinal cord injured 
patients: a new alternative to anticholinergic drugs? Preliminary results. J Urol 
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medication adherence when medication is free to patients. J Urol 183:1077-
1081. 

Sebastianelli A, Spatafora P, Morselli S, Vignozzi L, Serni S, McVary KT, Kaplan S, 
Gravas S, Chapple C and Gacci M (2020) Tadalafil alone or in combination 
with tamsulosin for the management for LUTS/BPH and ED. Curr Urol Rep 
21:56. 

Sellers D, Chess-Williams R and Michel MC (2018) Modulation of lower urinary 
tract smooth muscle contraction and relaxation by the urothelium. Naunyn-
Schmiedeberg's Arch Pharmacol 391:675-694. 
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propiverine exhibits α1-adrenoceptor antagonism in human prostate and 
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12. Tables 
 
Table 1 

EC50 values for cAMP formation by β3-AR agonists in CHO cells transfected with human β-AR subtypes. 
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drugs 
EC50 

references 
β1-AR β2-AR β3-AR 

Mirabegron 

(YM-178) 
>10 μM >10 μM 22.4 nM (Takasu et al., 2007a) 

Ritobegron 

(KUC-7483) 
22 μM 2.3 μM 73 nM (Maruyama et al., 2012b) 

Solabegron 

(GW427353) 
3.98 μM 1.26 μM 3.98 nM (Uehling et al., 2006a) 

Vibegron 

(MK-4618) 
>20 μM >20 μM 1.1 nM (Edmondson et al., 2016b) 
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Table 2  

Impact of renal or hepatic impairment and of comedications on dosing recommendations in Europe and the US as based upon regulatory 
authority-approved summary of product characteristics/package insert. If recommendations differed between countries, the more conservative 
recommendation is listed. IR, immediate release; ER, extended release; max, maximally. All dosages refer to total daily doses. Unless otherwise 
noted, the recommendations relate to all available formulations of a given drug. Reproduced with permission from (Witte et al., 2009a). 
 
 
Drug 
(recommended 
daily dose) 

Renal impairment Hepatic impairment Comedications 

Darifenacin  
(7.5/15 mg) 

caution Child Pugh A: none, but risk of increased 
exposure 
Child Pugh B: max 7.5 mg, if benefit 
outweighs risk 
Child Pugh C: not recommended 

CYP2D6 inhibitors: starting dose 
7.5 mg, titrate to 15 mg if well 
tolerated 
Moderate CYP3A4 inhibitors: 
starting dose 7.5 mg  
Potent CYP3A4 inhibitors: do not 
use 

Fesoterodine 
(4/8 mg) 

Mild/moderate: start with 4 mg, 
increase dose cautiously to 8 mg 
Severe: 4 mg 

Child Pugh A: start with 4 mg, increase to 
8 mg with caution 
Child Pugh B: max 4 mg 
Child Pugh C: not recommended 

CYP2D6 inhibitors: start with 4 mg 
Potent CYP3A4 inhibitors: max 4 
mg 
 

Oxybutynin 
(5-30 mg) 

Caution Caution  Potent and moderate CYP 3A4 
inhibitors: caution 

Propiverine 
(5/15 IR/30 mg 
ER) 

Max dose 30 mg Child Pugh A and B: no advice on dose 
adjustments  
Child Pugh C: not studied 

Potent CYP 3A4 inhibitors: no 
studies available but in vitro data 
point to possible interactions 

Solifenacin 
(5/10 mg) 

Mild/moderate: no adjustment 
Severe: max 5 mg 

Child Pugh A: caution 
Child Pugh B: max. 5 mg 

Potent CYP 3A4 inhibitors: max 5 
mg 
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Child Pugh C: not recommended 
Tolterodine 
(1/2/4 mg) 

Mild/moderate: no data 
Severe: max 2x1 mg IR or 2 mg ER 

max 2x1 mg IR or 2 mg ER CYP2D6 inhibitor: none 
potent CYP3A4 inhibitors: max 2x1 
mg IR or 2 mg ER 

Trospium 
(40 mg) 

Mild/moderate: caution 
Severe: max 20 mg 

Child Pugh A, B and C: caution - 
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Table 3  

Studies comparing the combination of two muscarinic antagonists to monotherapy. 
 
Study Patients (n) Initial antimuscarinics Combined antimuscarinics Efficacy results 

(Amend et al., 2008b) 
(Amend et al., 2008a) NDO (27) 

Oxybutynin 30 mg/day 
Tolterodine 2×8 mg/day 

Trospium 3×30 mg 

+trospium 45–90 mg 
+oxybutynin 15–30 mg 

+tolterodine 4–8 mg 

UI episodes decreased: 
8.6±2.7 to 1.3±0.9 
7.0±1.5 to 0.6±0.7 
7.5±2.7 to 2.0±1.5 

(Nardulli et al., 2012)  NDO (12) Oxybutynin 15 mg/day 
Oxybutynin 15 mg/day 

+trospium 80 mg 
+solifenacin 10 mg 

UI episodes decreased: 
5.3to 0.8 
4.5 to 1.0 

(Bolduc et al., 2009)  NDO (19) 
OAB (14) Tolterodine 4 mg +solifenacin 5 mg 

+solifenacin 10 mg 

UI episodes decreased: 
100% in 17 pts 
 > 90% in 14 pts 
50–89% in 2 pts 

(Kosilov et al., 2014a)  OAB (313) Trospium 60 mg + solifenacin 
20 mg (198) or placebo (115)  

Significant decrease in UI 
episodes compared to 

placebo 

(Kosilov et al., 2014b)  OAB (341) 

Trospium 60 mg/day + 
solifenacin 20 (58) 

Trospium 30 mg/day + 
solifenacin 10 (55) 

Trospium 30 mg/day + 
solifenacin 10 (62) 

 

Cyclic therapy with high-
dose combination showed 

the most successful 
treatment without increase 

in side effects 
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(Kosilov et al., 2016)  OAB & BPH 
(338) 

Solifenacin 5 mg + trospium 5 
mg + tamsulosin 0.4 mg 
vs. tamsulosin 0.4 mg 

 UI episodes decreased: 
3.4 (0.8) to 0.9 (0.7) 

(Wang et al., 2017)  OAB (129) Any antimuscarinic + oxybutynin ER (5–15 mg 
once a day) 

All OAB symptom 
indexes decreased 

significantly 
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Table 4 

Drugs, dosages and formulations of estrogens available for the treatment of the 
genitourinary syndrome of menopause 
 
Name of Drug Type of Estrogen Dose  Formulation 
Vagifem Estradiol hemihydrate 10 µg Tablet 

Estradiol Estradiol hemihydrate 10 µg Pessary 

Vagirux Estradiol hemihydrate 10 µg Tablet 

    

Estring Estradiol hemihydrate 7.5 µg/24hr Vaginal ring 

Femring Estradiol acetate 0.05 µg/24hr 

0.1 µg/24hr 

Vaginal ring 

Imvexxy Estradiol 4 µg 

10 µg 

Vaginal inserts 

(ovules) 

Premarin Vaginal Conjugate equine 

estrogen 

0.625 mg/g Cream 

Ovestin Estriol 1 mg/g Cream 

Imvaggis Estriol 0.03 mg Tablet 

Gynest 0.01% Estriol 100 µg/g Cream 

Blissel Estriol 50 µg/g Cream 
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13. Legends to figures 
 
Figure 1 
Simplified model of the supraspinal control system of micturition. Reproduced with 
permission from (Andersson et al., 2017). ACG, anterior cingulate gyrus; PAG, 
periaqueductal grey; PFC, prefrontal cortex; PMC, pontine micturition center RI, 
insula. Based upon afferent nervous input, the PAG coordinates the activity of various 
central nervous areas and sends signals to the PMC, which in turn initiates motor 
output. 
 
 
Figure 2 
Reflex activity during urine storage (upper panel) and voluntary micturition (lower 
panel). Note the central roles of Onuf’s nucleus and the sacral parasympathetic 
nucleus for coordinating peripheral effects of central nervous input in urinary storage 
and micturition, respectively. Reproduced with permission from (Andersson et al., 
2017). 
  

Figure 3 
Pathways involved in acetylcholine induced bladder contraction. Reproduced with 
permission from (Andersson et al., 2017). ACh, acetylcholine; CICR, Ca2+-induced 
Ca2+ release; DAG, diacylglycerol; MLC, myosin light chain; PLC, phospholipase C; 
PKC, protein kinase C; SR, sarcoplasmic reticulum. 
 
 
Figure 4 
Hypothetic mechanisms involved in urgency improvements by β3-AR agonists. 
Reproduced with permission from (Igawa et al., 2019). AR, adrenoceptor; IC, 
interstitial cell; MPG, major pelvic ganglion; UDIF, urothelium-derived inhibitory 
factor 
 

Figure 5 
Hypothetic mechanism of mirabgron’s inhibitory action on ACh-release through the 
A1 receptors. Reproduced with permission from (Igawa et al., 2019). ACh, 
acetylcholine; AR, adrenoceptor; ENT, equilibrative nucleoside transporter; UDIF, 
urothelium-derived inhibitory factor. 
 

Figure 6 
Mechanism of action of BoNT/A. Reproduced with permission from (Cruz, 2014). 
SNAP-25, synaptosome-associated protein of 25 kDa; SV2, synaptic vesicle protein 2 
 
 
Figure 7  
Concentration-dependent effects of muscarinic receptor antagonists. Reproduced with 
permission from (Andersson et al., 2017). 
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 Figure 8  
Adverse effects of muscarinic receptor antagonists. Reproduced with permission from 
(Andersson et al., 2017). 
 

Figure 9  
Distribution and effects of onabotA injections in the detrusor above the trigone for 
NDO and OAB. Reproduced with permission from (Cruz et al., 2011). 

 

Figure 10 
OnabotA 50, 100 and 200 U, (not exceeding 6U/kg), for the treatment of NDO in 
children. Reproduced with permission from (Austin et al., 2021). 
 
 
Figure 11 
Bladder control in the sacral spinal cord. Reproduced with permission from 
(Andersson et al., 2017). 
 

Figure 12 
The Ca2+ and BK K+ channels in control of smooth muscle tone. Reproduced from 
(Andersson et al., 2021), ‘Therapeutics and Clinical Risk Management 2021 17 589-
599’, originally published by and with permission from Dove Medical Press Ltd.  
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