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Abstract: Underactive bladder (UAB) is a prevalent but under-researched lower urinary tract symp-
tom that typically occurs alongside detrusor underactivity (DU). Unlike UAB, DU is a urodynamic
diagnosis which the International Continence Society (ICS) defines as “a contraction of reduced
strength and/or duration, resulting in prolonged bladder emptying and/or a failure to achieve com-
plete bladder emptying within a normal time span”. Despite the widespread prevalence of UAB/DU,
there are significant gaps in our understanding of its pathophysiological mechanisms, diagnosis, and
treatment compared with overactive bladder (OAB) and detrusor overactivity (DO). These gaps are
such that clinicians regard UAB/DU as an incurable condition. In recent years, the understanding of
UAB has increased. The definition of UAB has been clarified, and the diagnostic criteria for DU have
been considered more comprehensively. Meanwhile, a number of non-invasive diagnostic methods
have also been reported. Clinical trials involving novel drugs, electrical stimulation, and stem cell
therapy have shown promising results. Therefore, this review summarizes recent reports on UAB
and DU and highlights the latest advances in their diagnosis and treatment.
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1. Introduction

Underactive bladder (UAB) is a common lower urinary tract symptom (LUTS) in clini-
cal practice and has received increasing attention from clinicians. Its clinical manifestations
are dominated by voiding phase symptoms manifested as a slow stream, intermittency,
hesitancy, and feeling of incomplete emptying of the bladder. These may be accompanied
by storage phase and post-voiding symptoms. Detrusor underactivity (DU) is a diagno-
sis based on urodynamics and is defined by the International Continence Society (ICS)
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” [1]. There are numerous causes of DU, including advanced age, neurological disease,
low-level spinal cord injury, and bladder outlet obstruction (BOO). According to epidemio-
logical statistics, DU is diagnosed in up to 48% of elderly men and 45% of elderly women
undergoing urodynamic evaluations.

Unfortunately, compared to overactive bladder (OAB), BOO, and interstitial cystitis
(IC), the study of UAB/DU has been more of a “puddle” in the field of urinary continence.
This is due to a combination of factors. First, the absence of a consensus on the definition of
UARB has hindered our ability to conduct high-quality epidemiological studies. Such studies
provide comprehensive and in-depth descriptions of the natural course and complications
of UAB. Second, DU is defined as ICS; however, it lacks recognized diagnostic criteria, and
urodynamic testing is not widely available [2]. In contrast, there is a substantial overlap
in the clinical presentation of patients with DU and BOO. It is challenging to distinguish
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between the two without a urodynamic diagnosis, which hampers physicians’ ability to
fully recognize DU [3].

Voiding is the coordinated activity of the smooth and transverse muscles of the bladder
and outlet (consisting of the bladder neck, urethra, and urethral sphincter) under the control
of the nervous system [4]. As the bladder is at the lowest level of innervation, disease
or injury anywhere in the voiding reflex (especially the sacral nerve and below) can lead
to UAB, which contributes to the pathogenesis of the UAB complex. In the field of basic
research, the study of UAB is mostly based on morphological observations and molecular
expression and lacks systematic pathway studies, which also makes the development of
drug therapeutic targets for UAB slow. According to The European Association of Urology
(EAU), intermittent catheterization (IC) remains the preferred treatment for UAB/DU.
This procedure involves a patient being catheterized 3-5 times a day to induce urine flow
and reduce residual urine [5,6]. However, this technique significantly affects the patient’s
typical voiding pattern and quality of life, and may result in complications such as urethral
stricture, urethral false channel, hematuria, and bacteriuria [7]. In general, treatment choices
for UAB/DU remain inadequate, which considerably hampers the ability of clinicians to
treat UAB.

The terminology for UAB was initially standardized and harmonized to facilitate high-
level clinical trials. An increasing number of researchers are now trying to find non-invasive
diagnostic methods that can help in the early identification of patients affected by UAB. In
the therapeutic field, several drugs and stem cell therapies have entered clinical trials with
promising results. In addition, attempts to improve the contractility of detrusors using
engineering approaches have been reported. Therefore, this review aims to summarize
and discuss existing reports related to UAB/DU and to provide an outlook for future
research directions.

2. Terminology and Definitions

Previously, a variety of terms were used to describe non-obstructive voiding disor-
ders, including impaired detrusor contractility, detrusor areflexia, hypotonic bladder, and
detrusor failure. The problems with these terms have been discussed in detail by Osman
et al. [8]. Although DU was defined by the ICS as early as 2002, the inaccessibility of
DU in primary care limits its application, as it is a urodynamically based diagnosis. The
urodynamic features of DU include the absence, low pressure, and/or poorly sustained
detrusor contractions accompanied by a low urinary flow rate. However, due to the differ-
ent etiologies of DU and the age and gender differences in patients with DU, the extent of
reduced intensity and the range of “normal time” in the urodynamic definition have not
been determined [9]. Therefore, the urodynamic definition of DU remains imprecise, and
the term “UAB” has been used incorrectly for a long time. This lack of consistency makes it
difficult to conduct high-quality clinical trials and explore potential treatments.

Authorities in the field, including Christopher R. Chapple, proposed a working defini-
tion of UAB in 2015 as follows: “underactive bladder is a symptom complex suggestive of
detrusor underactivity and is usually characterized by prolonged urination time with or
without a sensation of incomplete emptying, usually with hesitancy, reduced sensation on
filling, and a slow stream” [3]. In 2018, an ICS working group described UAB as a slow
urinary stream, hesitancy, and straining to void, with or without a feeling of incomplete
emptying and dribbling, often with storage symptoms” [10]. Both definitions are based
on the description and quantification of LUTS without regard to urodynamic findings or
specific pathophysiology, which assist primary care physicians in the recognition of the
disease. Notably, this symptom-based definition is similar to that of OAB. However, there
are effective and universally available treatments for OAB, but not for UAB [9]. Therefore, it
cannot be neglected that UAB has a vast array of causes, and effective treatment alternatives
that may influence the definition of UAB may arise in the future.

In conclusion, the proposal of standardized terminology for UAB is a pioneering
work that is crucial for clinicians to enhance their disease knowledge. Furthermore, we
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recommend conducting large-scale prospective studies to clarify the precise urodynamic
definition of DU based on patient population characteristics. Until sufficient evidence is
available, clinical studies should be conducted to accurately and uniformly characterize
the natural course of UAB/DU, as suggested by the ICS.

3. Epidemiology

The prevalence of UAB in community-based populations is unknown because of
the absence of simple, dependable, and non-invasive diagnostic techniques [11]. In 2014,
Michael B. Chancellor’s research team carried out a questionnaire survey in Detroit, U.S.,,
and out of the 633 valid contributors (54% males, 46% females), 23% (n = 137) reported an
emptying disorder of the bladder [12]. At the same time, a higher prevalence of bladder
emptying disorders was found in men compared to women (26.1% vs. 20.0%). Additionally,
a significantly higher proportion of men over 65 years of age reported bladder emptying
disorders (25.5-33.3%). Two years later, the team conducted another study in the USA,
referencing the ICS definition of UAB (including straining and feeling of not fully emp-
tying the bladder), and utilized a more comprehensive UAB-q questionnaire [13]. Of the
977 acceptable responses, an increase in reported bladder problems, urinary retention, a
past history of catheterization, and frequency of urological visits in the last three years was
observed as the frequency of UAB symptoms increased (p < 0.0001). Interestingly, there
was a positive correlation between the number of UAB symptoms and storage symptoms
(prevalence of urgency, frequency, and nocturia) (p < 0.0001). Despite the limitations of
these reports, which include small sample sizes and possible non-response bias (due to
the small number of people who are aware of UAB (11-21%) and due to self-reported
difficulties in distinguishing between UAB and other causes of bladder emptying disorders
(e.g., BOO)), there is still a considerable value in these initial population-based studies
for evaluating the prevalence of UAB. In clinical practice, UAB is frequently associated
with underlying diseases. Therefore, discussing the prevalence of UAB independent of
its etiology would be unreliable and inaccurate. In the future, large-scale, well-designed,
population-based studies that consider relevant etiologies and risk factors will be crucial in
determining the incidence of UAB.

The occurrence of DU has been primarily studied retrospectively to distinguish it from
LUTS. Osman et al.’s review encompassed multiple retrospective studies and determined
that DU rates ranged from 9% to 28% in men aged 18-50, increasing to possibly 48% in
males above 70 years of age [8]. Women over a certain age have a DU prevalence ranging
from 12% to 45%. A recent systematic review using conventional and imaging urodynamics
reported that DU’s occurrence in young men was 24% and 5%, respectively [14]. It is
worth noting that the studies included in this review had varying diagnostic criteria for
DU, and some did not report specific urodynamic parameters. In contrast, a retrospective
study of women attending urogynecology clinics for urodynamic examinations found the
prevalence of DU to be between 4.1% to 37.0%, depending on the definition [15]. The
various definitions of DU and the non-community origins of the population may place the
prevalence of DU over a wide range, making these results informative only for estimating
the prevalence of DU.

4. Etiology

The voiding process is dependent on two functional units: the bladder (containing
the detrusor) and the bladder outlet (containing the bladder neck, sphincter, and urethra).
These organs work together to achieve synchronized movements for both storage and
voiding processes and are innervated by a complex nervous system involving the peripheral
nerves, spinal cord, and higher centers of the brain. Therefore, any organ affecting the
voiding reflex may contribute to the development of UAB. The etiology of UAB is unclear;
however, it is generally believed to be neurogenic, myogenic, or idiopathic [16]. Osman
et al. provided a more detailed categorization of the etiology of DU by adding iatrogenic,
functional, and pharmacological categories [17]. Others have suggested that patients with
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more than two etiologies should be classified into integrative [18] or mixed types [19]. It
should be noted that although UAB has been categorized by etiology, patients in a clinical
setting often have multiple causes. In this section, we have only discussed the etiology of
UAB, as the pathophysiological processes that arise from different etiologies have already
been detailed in several existing reviews [2,20,21].

4.1. Neurogenic

Neurogenic UAB may arise due to neurological diseases or injury at any site along
the voiding reflex, such as the brain, spinal cord, or afferent and efferent nerves. Thus, it is
crucial to monitor the lower urinary tract in patients with neurological ailments. The EAU
guidelines provide a summary of the established etiologies of neurological disease or injury,
classified according to the site and type of lesion into four broad categories, including
suprapatine and pontine, the region between the caudal brainstem and sacral spinal cord,
the peripheral nervous system, and disseminated central diseases [22]. In terms of overall
morbidity, suprapontine and spinal (infrapontine—suprasacral) lesions are generally associ-
ated with DO or detrusor-sphincter dyssynergia (DSD), whereas sacral/infrasacral lesions
tend to result in DU. However, this relationship is not absolute. During the acute phase of
cerebrovascular accidents (stroke), 75% of patients may experience urinary retention due to
detrusor areflexia [23]. A recent study examined the frequency of voiding dysfunction in
patients with Parkinson’s disease [24]. The study discovered that DU was present in 12%
of patients, and an acontractile bladder was present in another 4%.

Multiple system atrophy (MSA) is a neurodegenerative disease of unknown origin
that causes autonomic dysfunction. Clinical manifestations of MSA can be classified into
two subtypes: MSA-P and MSA-C. The frequency of DU has been found to be increased to
62.1% in patients with MSA and 71.4% in patients with post-void residual (PVR) > 100 mL.
Additionally, the strength of the detrusor in MSA-P has been found to be weaker than
that of MSA-C (P3et@Qmax 26.2 vs. 34.4 cmH,O, p = 0.04) [25]. A recent systematic review
found that 12% of patients with multiple sclerosis (MS) experience an atonic bladder [26].
Similarly, a considerable percentage of patients with Guillain-Barre syndrome (GBS) were
diagnosed with DU (15/38, 39.5%) [27]. Furthermore, sacral and subsacral nerve injuries
have been found to be the leading causes of DU, including cauda equina, lumbar disc
herniation, and iatrogenic pelvic nerve injuries. Notably, DU may develop more frequently
after rectal resection [28], radical prostatectomy [29], or radical hysterectomy [30].

In addition to these prevalent and acknowledged neurogenic causes, there exist
several unusual neurological conditions that could also be contributing to the develop-
ment of DU, including inflammatory encephalomyelopathy [31], spinocerebellar ataxias
(SCAs) [32], Charcot-Marie-Tooth disease (CMT) [33], neuromyelitis optica spectrum disor-
ders (NMOSDs) [34], hereditary spastic paraplegia (HSP) [35], lumbar spinal stenosis [36],
idiopathic normal pressure hydrocephalus (iNPH) [37], myelomeningocele (MMC) [38],
closed spinal dysraphism (CSD) [39], and Friedreich’s ataxia [40]. Certain neuroviruses,
including zoster virus [41] and herpes simplex virus (HSV) [42], may also contribute to
the development of UAB. Lee et al. found a higher risk of developing DU in patients with
chronic pontine stroke than in those with upper cervical cord injury [43]. Additionally,
they identified the central portion of the bilateral pons along the entire sagittal plane as
the most frequent site of lesions associated with DU. It has also been reported that the
occurrence of OAB or UAB is associated with the site of severe traumatic brain injury,
with OAB occurring in left hemisphere injuries and UAB occurring in right hemisphere
injuries [44]. Han et al. found that ischemic stroke was associated with a high rate of DO,
whereas hemorrhagic stroke was associated with a high rate of DU [45]. This result was
consistent with that reported by Burney [23]. Kim et al. concluded that there were no
significant differences in lower urinary tract symptoms among patients with dominant,
non-dominant, and bilateral hemispheric ischemic strokes [46]. In summary, neurological
disorders causing LUTS are multifaceted and diverse, while DU is merely a manifestation.
Apart from the level and location of the SCI, no specific type of LUTS has been linked to
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neurological or psychiatric conditions. Urodynamic testing is essential for the accurate
treatment of such patients.

4.2. Myogenic

The myogenic etiology of UAB is two-fold: dysfunction of the muscle cells themselves
and structural changes in the extracellular matrix due to pathological changes that affect
detrusor contraction. In both instances, even with intact nerve reflexes innervating the
bladder, the contractile function of the detrusor may be affected. Compared to individuals
in normal conditions, patients with DU have approximately four times the amount of
“disruptive cells” present in the detrusor. These cells have been characterized by whorled
inclusions in the plasma, vacuolation, rupture of the muscle membrane, and enlargement
of the cellular gap. Notably, they have not been associated with age or sex, which suggests
that there may be factors other than aging that contribute to detrusor deterioration [47].
However, whether alterations in detrusor cells are the cause or consequence of DU requires
further research.

It is generally accepted that the main myogenic causes of UAB include BOO and dia-
betes mellitus (DM, discussed in 4.4). BOO refers to bladder outlet pressure elevation that
hinders urination. In such cases, the detrusor attempts to compensate for increased pressure
in the bladder through hypertrophy and hyperplasia. However, this compensatory effect is
not permanent and continues to progress, leading to a decrease in bladder responsiveness;
this is known as the decompensation period [48]. Bladder ischemia and oxidative stress
may contribute to myocyte damage [49], whereas inflammation may be implicated in the
early compensatory response that leads to fibrosis and, eventually, irreversible extracellular
matrix remodeling [50,51].

4.3. Idiopathic

Idiopathic UAB primarily comprises UAB related to the aging process and unidentified
factors in younger individuals [17]. A common characteristic found among these patients
is the lack of neurological disorders or evidence of BOO. The effects of aging on lower
urinary tract function are multifaceted. Mature rats have been shown to exhibit extended
and weaker bladder contractions than younger and adult rats [52]. In contrast, aging may
result in a reduction in the number of 5-HT-positive cells in the urethra, thereby decreas-
ing the excitability of urogenital sensory fibers [53]. It has recently been demonstrated
that modified hyperpolarization-activated cyclic nucleotide-gated (HCN) functionality in
aged individuals affects their response to autonomic stimuli, inevitably culminating in a
reduced capability to maintain bladder flexibility [54]. It has been suggested that metabolic
abnormalities may be associated with UAB and DU, rather than aging itself [55]. Therefore,
not every elderly person suffers from UAB, although a decline in detrusor contractility
may occur in this population, indicating the presence of other underlying causative factors.
Moreover, the presence of BOO or other comorbidities in elderly individuals complicates
the study of aging as an isolated cause of UAB. However, unknown factors in younger
individuals are underreported and warrant further investigation.

4.4. Other

Diabetic bladder dysfunction (DSD) is a frequent complication of diabetes mellitus in
the urinary tract. The mechanisms that cause DSD to lead to LUTS are intricate, involving
both neurogenic and myogenic factors. The progression of the disease follows the initial
stages of detrusor overactivity and later stages of detrusor underactivity [56]. Diabetes can
cause autonomic neuropathy via axonal degeneration and segmental demyelination [57].
Deficiency of insulin receptors can decrease the downregulation of proteins essential for
smooth muscle contraction, such as Chrm3, P2x1, Sm22, and Cav1.2, ultimately leading to
reduced smooth muscle contraction [58]. Prolonged diabetes may lead to bladder fibrosis
and apoptosis owing to oxidative stress [59]. Klee et al. developed a type 2 diabetes
model and discovered that the exogenous administration of carbachol and adenosine
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triphosphate (ATP) augmented bladder contractility in rats with early stage (1 week)
diabetes, indicating a compensatory response [60]. However, after compensation was
lost (4 weeks), contractility to ATP increased, whereas contractility to carbachol remained
unaltered. Thus, the transition from a compensated to decompensated state may involve a
reduction in contractility in response to muscarinic stimuli. Hyperglycemia and osmotic
diuresis cause elevated intravesical pressure, leading to compensatory proliferation and
hypertrophy of the detrusor. In addition to localized ischemia and oxidative stress in the
bladder, this creates an adverse cycle that eventually results in detrusor loss and DU [61].

In addition to anticholinergic drugs that may increase the risk of developing UAB,
drugs such as statins [62] and ranolazine [63] may also contribute to UAB development.
Although this is a less common issue, clinicians should consider it when making diagnoses.

5. Diagnosis
5.1. Diagnostic Criteria for DU

As mentioned earlier, although the ICS diagnosis of DU is based on urodynamics, it
does not mention specific thresholds to define decreased contraction intensity and pro-
longed duration of voiding time. Additionally, it does not provide a clear definition of
normal time and bladder emptying, which has left the diagnostic criteria for DU unstan-
dardized. Owing to the intricate etiology of DU, a clear urodynamic definition or cutoff
value is extremely difficult. Nevertheless, the urodynamic manifestation of DU is a reduc-
tion in bladder contractility, and how to accurately estimate bladder contractility is a major
concern of researchers. When the bladder contracts, it produces a force that is expressed
partly as pressure and partly as flow. As a result, measuring the force of contraction of the
bladder using only one parameter is not appropriate. The Watt factor (WF) is a frequently
used gauge of detrusor function, which calculates the force per unit area of bladder surface
produced by the detrusor, correcting for the limited force required for isometric contraction
or no-load shortening [8]. The WF formula is as follows: WF = [(Pget + @) X (Vget +b) —
ab]/27, where V4. depicts the detrusor shortening velocity, and the constants a and b are
fixed, obtained from experimental and clinical studies (a = 25 cmH,O; b = 6 mm/s). The
determination of the projected isovolumetric pressure (PIP) relies on Schafer’s nomogram
and is utilized to evaluate the detrusor pressure during isovolumetric contraction of the
bladder. The formula for men is PIp = P3et@Qmax + 5Qmax, and a PIP within the range of
100 and 150 is classified as normal contractility [64]. For women, estimating the strength of
contraction involves a slightly adapted projected isovolumetric pressure (PIP; = Pget@Qmax
+ Qmax) [64]. A PIP; reading between 30 and 75 cmH,O is considered normal detrusor
contractility. Additionally, another widely employed index, the bladder contractility in-
dex (BCI), employs the same formula as PIP. A comparative study has confirmed a good
correlation between the above indexes [65].

Based on assessing the strength of bladder contractility, the researchers also considered
other indicators to formulate urodynamic diagnostic criteria for DU. The diagnostic criteria
for DU are listed in Table 1. Although standardization of the urodynamic diagnostic criteria
for DU is lacking, some changes have been observed. Notably, an increasing number
of studies have distinguished between definitions for males and females, as females are
less susceptible to BOO. The second point to be noted is that the diagnostic criteria are
gradually becoming more uniform and are distinguishing between DU and BOO in men.
This indicates that clinicians have reached a partial consensus on the urodynamic diagnosis
of DU. Recently, the clinical diagnostic criteria proposed by the Japanese Continence Society
for DU in men have integrated expert opinions with prior literature reports. These criteria
included: (1) UAB symptoms characterized by a slow stream, hesitancy, and difficulty
in voiding; (2) a Qmax < 12 mL/s and PVR > 100 mL; (3) a bladder voiding efficiency
(BVE) <90%; and (4) a prostate volume (PV) < 30 mL and/or an intravesical prostatic
protrusion (IPP) < 10 mm [66]. This criterion displays reasonable sensitivity (37—47%)
and substantial specificity (90-94%), facilitating the clinical identification and diagnosis of
patients with DU [67]. Jeong et al. compared various diagnostic criteria for men and found
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that DU was diagnosed in a significantly higher proportion of men with: (1) a BCI < 100
(55.8%) compared to those with (2) a bladder outlet obstruction index (BOOI) < 20 and a
free uroflow Qmax <12 mL/s (16.6%), (3) a P4et@Qmax < 30 cmH,0O and a pressure—flow
study (PFS) Qmax < 10 mL/s (5.4%), and (4) a BCI < 100, BOOI < 20, and BVE < 90% (10.3%).
In addition, they also compared the diagnostic criteria for DU in three groups of women:
(1) a Qmax < 12 mL/s with >100 mL voided or a PVR volume > 150 mL on two or more
free flow readings; (2) Pge;@Qmax < 30 cmH,O and PFS Qmax < 10 mL/s; and (3) Pget@Qmax
< 20 cmH,0O, PFS Qmax < 15 mL/s, BVE < 90%, and absence of clinical obstruction. The
latter two were found to be diagnostic of DU at similar rates (9.6% and 6.4%, p = 0.065) [68].
In conclusion, urodynamics is a fundamental test for diagnosing DU, particularly for
distinguishing between DU and BOO. Identifying suitable indicators for determining
detrusor contractility (such as intensity and duration), bladder outlet resistance, and
bladder emptying is a prospective research direction for urodynamic diagnosis.

Table 1. Urodynamic diagnosis criteria for detrusor underactivity.

Author (Year) Size (n) Age (y) Diagnosis Criteria for DU
Male
Kaplan et al. (1996) [69] 137 18-50 P3et@Qmax < 45 cmH0, Qmax < 12 mL/s
Fusco et al. (2001) [70] 541 26-89 P3et@Qmax < 30 cmH,0, Qmax <12 mL/s
Nitti et al. (2002) [71] 85 18-45 BOOI < 20, Qmax < 12 mL/s
Wang et al. (2003) [72] 90 18-50 P3et@Qmax < 30 cmH0O, Qmax < 15mL/s
Abarbanel et al. (2007) [73] 82 >70 P3et@Qmax < 30 cmH,0, Qmax < 10 mL/s
Jeong et al. (2012) [74] 632 >65 BCI <100
Hoag et al. (2015) [75] 25 Mean: 59.2 (range, 19-90) BCI < 100 and absence of identifiable BOO
Gammie et al. (2016) [76] 129 Median: 63 BCI < 100, BOOI < 20, BVE < 90%
Lee et al. (2016) [77] 111 Mean: 65.3 +9.2 BCI < 100 and BOOI < 20
Uren et al. (2017) [78] 29 Mean: 64 (range, 27-88) BCI < 100 and BOOI < 20
Matsukawa et al. (2020) [79] 145 Mean: 69.5 + 9.9 BCI < 100 and BOOI < 40
Namitome et al. (2020) [80] 454 Median: 70 (IQR, 65-76) BCI <100
Matsukawa et al. (2023) [81] 212 72.2 BCI < 100 and BOOI < 40
Shen et al. (2023) [82] 7 -* BCI < 100 and BOOI < 20
Female
Abarbanel et al. (2007) [73] 99 >70 Qmax <10 mL/s, P3et@Qmax < 30 cmmH,O
Jeong et al. (2012) [74] 547 >65 P3et@Qmax < 10 cmH;0 and Qmax < 12mL/s
Hoag et al. (2015) [75] 54 Mean: 59.2 (range, 19-90) BCI < 100 and absence of identifiable BOO
Gammie et al. (2016) [76] 308 Median: 55 P3et@Qmax < 20 cmH;0 and Qmax < 15 mL/s
Uren et al. (2017) [78] 15 Mean: 64 (range, 27-88) P3et@Qmax < 20 cmH;0 and Qmax < 15 mL/s
Shen et al. (2023) [82] 4 =% P3et@Qmax < 20 cmH,0 and Qmax < 15 mL/s

Pyet@Qmax: detrusor pressure at maximum flow; Qmax: maximum flow rate; BCIL: bladder contractility index;
BOOI: bladder outlet obstruction index; BVE: bladder voiding efficiency. BCI = Pget@Qmax + 5Qmax. BOOI =
Pet@Qmax — 2Qmax- BVE = (voided volume/total bladder capacity) x 100. * This study did not calculate patient
age by gender.

5.2. Non-Invasive Diagnosis of UAB

Given the challenges associated with the widespread use of urodynamics in primary
hospitals, including the need for specialized instrumentation and equipment, there has
been a growing effort among researchers to develop non-invasive models for diagnosing or
predicting UAB. These models are based on a correspondence between signs or symptoms
of UAB and urodynamic parameters of DU, or through the use of questionnaires designed
to improve the recognition rate of UAB. Gammie et al. conducted a retrospective analysis
to identify variations in the symptoms and urodynamics of patients with DU alone and
those with DU combined with BOO [83]. This study aimed to determine the differences in
symptoms, signs, and urodynamics between the two groups. The findings showed that
patients with DU had a lower number of daytime micturition episodes, higher maximal
voiding volume, higher prevalence of urinary tract infections (UTI), and greater average
urine flow rates and abdominal pressure at maximum flow. The research team conducted a
cross-sectional study to compare the distinguishing features of patients diagnosed with DU
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during urodynamics with those of men who have normal PFS, as well as those with BOO in
terms of symptoms, history, bladder diaries, and invasive PFS measurements [76]. Clinical
recognition of patients with DU based on their signs and symptoms can be established by
the statistically significant incidence of decreased and/or interrupted urine flow, hesitancy,
incomplete bladder emptying sensation, palpable bladder, and absent and/or decreased
sensation reported by the patients. Chan and colleagues reported that a considerable pro-
portion of patients with nocturia received a diagnosis of detrusor underactivity (DU) alone
(n =69, 18.7%) or along with other urodynamic diagnoses (1 = 108, 29.3%). This suggested
that the presence of some other LUTS may be indicative of DU and should be given due
attention in the management of the disease [84]. Based on univariate regression analyses,
Namitome et al. determined the differences in age, small prostate size, less urgency, weak
stream, and low Qmax as the main predictors of DU, and developed a predictive model
that allows for the non-invasive prediction of DU incidence [80]. Significant parameters
between patients with DU and those with BOO were older age (>74 years old), smaller
prostate volume (PV < 34.8), and a lower acute symptom score (IPSS Q4 < 1) [85]. It has
also been suggested that DU should be categorized according to the presence or absence of
storage phase symptoms, as the proportion of patients with DU combined with storage
phase symptoms has been found to be higher in terms of age, prostate volume, and urinary
incontinence than that of patients with DU alone [81]. Kim et al. reported a newly devel-
oped symptom score-based questionnaire that predicted that a score greater than 45 (the
cutoff value) would diagnose a patient with DU with a sensitivity of 95.8% and specificity
of 95.4%, which can be used to differentiate between UAB and BOO [86].

Non-invasive uroflowmetry is frequently used to predict the occurrence of DU [87].
Yoldas et al. conducted a retrospective study and discovered that non-invasive uroflowme-
try, indicating VE at 46%, had a minimum sensitivity and specificity of 93% and 60%,
respectively, for diagnosing UAB in men aged over 80 years [88]. Oelke et al. created a
nomogram based on the BOOI and maximum Watts factor, which indicated that DU should
be diagnosed in patients below the 25th percentile [89]. Lee et al. concluded that Delta
Q (Qmax — Qave) can differentiate between DU and BOO in male patients with LUTS [77].
Additionally, it has been suggested that 57% of DU patients have a “sawtooth” curve
(defined as having two or more notches) on uroflowmetry examination, compared to 32%
of BOO patients [90]. Recently, various research teams have used artificial intelligence
(AI) to develop reliable diagnostic methods for DU. Matsukawa et al. determined that
the ratio of the first peak flow to Qmax in uroflowmetry could accurately diagnose DU
based on Al, with a sensitivity of 76%, specificity of 83%, and cutoff value of 0.8 [91]. Bang
et al. demonstrated that a finely tuned VGG16 convolutional neural network model could
distinguish DU from non-DU [92]. The Al system had a sensitivity and specificity of 79.7%
and 88.7%, respectively, for DU diagnosis [93].

Researchers have widely discussed describing detrusor muscle thickness (DMT) for
the diagnosis of DU. This is because DU can result from a decrease in the detrusor, which
can be identified using ultrasonography; a simple and easily portable technique. However,
the use of DWT alone is controversial because of large individual differences in bladder
size and the close correlation between DWT and bladder filling. Therefore, recent research
has focused on the non-invasive diagnosis of DU using DWT along with other parameters.
De Nunzio et al. reported that bladder wall thickness (BWT) and Qmax can noninvasively
predict DU in a population of patients with LUTS and BPH [94]. Another study reported
that ultrasound DWT combined with a bladder capacity of >445 mL could be used to
diagnose DU in men [95]. The model exhibited a sensitivity of 42%, a specificity of 100%,
a positive predictive value of 100%, and a negative predictive value of 42%. Lee et al.
revealed that at 20% of the maximum cystometric capacity (MCC), a DMT/BWT ratio of
<47.5% was a dependable non-invasive diagnosis of DU [96].

Recently, the PRImary Care Management of Lower Urinary Tract Symptoms (the
PriMUS study) in men has been underway, with the aim of providing diagnostic predic-
tion models for the non-invasive identification of LUTS for primary care physicians and
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ultimately a clinical decision support tool through a validation set [97]. Although several
non-invasive diagnostic options have been proposed, it should be noted that the differenti-
ation between DU and BOO still relies on urodynamic testing at the present stage [98]. The
diagnostic value of non-invasive diagnostic techniques in DU requires clarification through
large-scale prospective clinical studies.

5.3. Laboratory Diagnosis

In addjition to signs, symptoms, uroflowmetry, and ultrasonography, several research
groups have sought laboratory diagnostic methods based on the pathogenesis of DU,
including bladder hypoxia, inflammation, and oxidative stress. Jiang et al. identified
urinary biomarkers such as 8-hydroxy-2-deoxyguanosine (8-OHdG), prostaglandin E2
(PGE2), epidermal growth factor (EGF), interleukin (IL)-5, IL-8, IL-10, and total antioxidant
capacity (TAC) as potential markers for detecting DU [99]. Urinary TAC and PGE2 levels
positively correlated with detrusor pressure. Krishnan et al. found that urinary nitric oxide
(NO) levels were higher in patients with UAB, whereas adenosine triphosphate (ATP) levels
were lower [100]. Therefore, the NO to ATP ratio in urine can potentially serve as a non-
invasive diagnostic tool for UAB. A separate study by Ishikawa and colleagues revealed
that serum adiponectin levels were significantly lower in patients with DU compared to
those without DU (6.2 pg/mL vs. 12.6 ug/mL; p < 0.001) [101]. The authors proposed a
diagnostic threshold of 7.9 ug/mlL, which demonstrated 79% sensitivity and 90% specificity.
Majima et al. established a significant positive association between serum albumin, psoas
muscle area (PMA), and detrusor contractility [102]. Additionally, certain urinary markers,
such as high urinary expression of PGE2 and brain-derived neurotrophic factor (BDNF),
can provide insights into the prognosis of patients with DUs, including the likelihood
of recovering bladder function [103]. However, these markers related to inflammation
and tissue hypoxia do not appear to be DU-specific and require confirmation in large
populations while controlling for the absence of other diseases among the participants.

6. Therapy

Currently, there is no treatment that can completely cure UAB and significantly en-
hance patients” quality of life. As the disease advances, individuals with UAB may experi-
ence severe complications, including acute and chronic urine retention, UTI, hydronephro-
sis, and renal failure, which pose a significant risk to their lives. Therefore, managing UAB
primarily involves minimizing residual urine and preventing damage to the upper urinary
tract, making etiology-independent conservative treatment the standard option. However,
the screening of potential beneficiary populations is also worth further examination with
the implementation of new treatment options, including sacral neuromodulation (SNM)
and surgery. In addition, UAB treatment is a complex process that requires comprehensive
patient education to enhance compliance and improve treatment outcomes. The existing
therapies include conservative treatments, pharmacotherapy, electrical stimulation, and
surgery. Moreover, novel drugs, such as extracorporeal shock wave therapy (ESWT) and
stem cell therapy, have been subjected to multiple clinical trials and have shown significant
potential in curing UAB. With remarkable progress in engineering, bladder replacement
alternatives have received considerable attention.

6.1. Conservative Treatments

Considering the diverse etiologies of UAB, different etiologies may have different
patterns of disease progression. UAB secondary to a subsacral spinal cord injury occurs
rapidly. The progression of UAB from other causes (e.g., aging and diabetes) tends to be
“silent”, making it difficult for patients to detect changes in voiding patterns. Under certain
circumstances, patients may experience a shift in bladder function from the OAB (compen-
sated phase) to the UAB (decompensated phase) [104]. Regular checkups and follow-ups
are vital in both scenarios. Among these, measuring residual urine is a straightforward yet
valuable examination that can reveal BOO or DU. When residual urine levels are high or



Int. . Mol. Sci. 2023, 24, 15517

10 of 26

voiding symptoms are present, interventions should be performed to drain the urine and
prevent injury to the upper urinary tract. Conservative treatments involve regular voiding
to avoid bladder overdistension and decrease PVR.

The Crede or Valsalva maneuver is the simplest tool-free method for stimulating
voiding and reducing PVR. However, these methods often induce reflexive sphincter
contractions and elevate the intravesical pressure, thereby increasing the risk of damage to
the upper urinary tract [105]. Additionally, employing the Valsalva maneuver in adult spina
bifida patients may increase the relative risk of rectal prolapse/intussusception (32.1% vs.
3.7%, p = 0.01) [106]. Therefore, prolonged use of these methods for UAB is not advisable.

In light of these concerns, the EAU guidelines suggest intermittent catheterization
(IC) as the preferred approach for neurological patients who encounter difficulties in
completely voiding their bladders. Ideally, urine should be catheterized 4-6 times per
day using a 12-16 Fr disposable catheter, and no more than 400-500 mL of urine should
be diverted at any one time. Although IC is considered the gold standard for bladder
emptying, its efficacy is greatly limited by patient compliance and tolerance. In addition,
IC is inherently linked to UTI and may lead to bothersome complications such as urethral
strictures, hematuria, and urethral false passages. Hence, instruction and guidance before
IC are essential. Two methods, indwelling transurethral catheterization and suprapubic
cystostomy, pose a heightened risk of provoking UTI compared to IC and, therefore, should
be avoided as much as possible.

Notably, a randomized clinical trial (RCT) found a significant decrease in PVR and a
significant increase in maximum urine flow and voiding frequency following treatment
with biofeedback in combination with pelvic floor muscle exercises in patients with non-
neurogenic UAB [107]. This investigation included both boys and girls; however, further
research is required to determine whether this treatment is effective in adults. In 2014, the
US Food and Drug Administration (FDA) approved the InFlow intraurethral valve pump
for use in female patients with UAB. A review by Hartigan et al. summarized the use of
InFlow for the treatment of UAB in a clinical trial that confirmed the efficacy, low infection
rate, and side effects of InFlow; however, it was still not tolerated by approximately half of
the patients [108].

6.2. Pharmacotherapy

The principle of the pharmacological treatment of UAB mainly includes two aspects:
(1) increasing the contractile force of the detrusor and (2) decreasing the resistance of the
bladder outlet to promote urine discharge. Notable medications include parasympathetic
drugs, alpha receptor blockers, phosphodiesterase type 5 inhibitors, and botulinum toxin A
(BoNT/A). Additional pharmaceuticals, such as ASP8302, a selective M3 receptor agonist,
and TAC-302, a neuroprotective agent, have been tested in clinical trials. Additionally, the
transient receptor potential ion channel subfamily V4 (TRPV4) agonist GSK1016790A has
shown promise in improving UAB symptoms in animal studies.

6.2.1. Parasympathomimetics

Acetylcholine (ACh) induces bladder contraction by acting on M3 receptors. As
patients with UAB/DU predominantly present with decreased bladder contractility, the ap-
plication of parasympathetic drugs to enhance bladder contractility may be “theoretically”
beneficial. However, the available evidence does not support the use of parasympath-
omimetic drugs in the treatment of UAB.

The initial parasympathomimetic drugs employed in treating UAB were the non-
selective cholinergic receptor agonists bethanechol and carbachol, which are commonly
used to treat acute postoperative urinary retention. In 2007, Barendrecht et al. posited that
the parasympathomimetic drugs proposed for the management of UAB may be ineffec-
tive [109]. This may be due to (1) the poor efficacy of the proposed parasympathomimetic
drugs against injuries to the detrusor itself (e.g., bladder wall fibrosis) and (2) the insuf-
ficient localized dose to the bladder and the fact that increasing the dose can lead to a
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range of adverse effects [110]. A meta-analysis that incorporated 12 clinical trials and
3024 patients did not detect any significant differences in mean PVR values. The proposed
parasympathomimetic drug had some effect within 1 week (MD —77.5 mL, 95% CI: —90.9
to —64.1, p < 0.001), but was not different from the control group at 1 month (MD —10.4 mL,
95% CI —49.7 t0 29.0, p = 0.6) [111]. Notably, the reported side effects were not as significant
as previous literature suggests (odds ratio 1.19, 95% CI 0.62-2.28, p = 0.6, moderate quality
of evidence). Nevertheless, the available studies are generally of low quality, and the extrap-
olation of these results is impeded by the inability to perform subgroup analyses, owing to
varying patient inclusion criteria and the scarcity of urine flow rate studies. Based on the
above evidence, the EAU guidelines strongly discourage the use of parasympathomimetics
as a routine treatment for patients with UAB.

Recently, an RCT was used to assess a new positive allosteric modulator of the mus-
carinic M3 receptor, ASP8302, in patients with UAB. The results demonstrated no significant
difference in PVR compared with controls. However, it did increase Qmax by 3.8 mL/s
(p = 0.031) and Pget@Qmax by 2.7 cmH,O (p = 0.034) [112]. Acotiamide, a new selective
inhibitor of acetylcholinesterase (AChE) that impedes the degradation of ACh expelled
from the parasympathetic nerve endings and elevates ACh levels in the synaptic gap, has
been administered to manage functional dyspepsia. According to Singh et al., acotiamide
significantly increases bladder contractility in both rats and humans and may have poten-
tial therapeutic effects on UAB/DU [113]. A preliminary single-arm clinical trial revealed
that acotiamide effectively reduced PVR in patients (161.4 = 90.0 mL vs. 116.3 &= 63.1 mL,
p = 0.006) [114]. Consequently, high-quality clinical trials are necessary to determine the
therapeutic potential of proposed parasympathomimetic agents for UAB.

6.2.2. Phosphodiesterase 5 Inhibitors (PDE5is)

PDEDb5is increase intracellular cyclic guanosine monophosphate by inhibiting phos-
phodiesterase 5 and are commonly used in the treatment of erectile dysfunction in men.
Tadalafil is also becoming the first-line treatment for LUTS with BOO. It has been proven to
increase International Prostate Symptom Scores (IPSSs) and International Index of Erectile
Function (IIEF) scores, but not Qmax [115]. However, it remains unclear whether PDES5 in-
hibitors can be used as standalone treatments for DU. Recently, Matsukawa et al. conducted
a study that found that both tadalafil and silodosin had a significant impact on improving
LUTS and voiding function in patients with non-neurogenic DU, and that tadalafil was
associated with an improvement in BCI (19.7 &£ 17.7 vs. 6.0 & 12.5, p < 0.001) and Qmax
(3.0 £3.0mL/svs. 1.7 = 1.4, p < 0.001) [116]. The mechanism of action of tadalafil may
be linked to enhanced urethral relaxation [117], increased blood flow to the lower urinary
tract [118], improved oxygenation [119], and decreased chronic inflammation [120] of the
bladder and prostate.

6.2.3. Novel Drugs

Several drugs have been developed based on the pathogenesis of UAB, and some
clinical trials have been conducted (Table 2). TAC-302, a new drug that restores neuronal
synaptic growth, has been reported to significantly increase BCI in men and BVE in both
sexes, suggesting its potential therapeutic effect in DU [121].
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Table 2. Recent clinical trials of pharmacotherapy for detrusor underactivity.

Author (Year) Design Treatment Size (n) Age (y) Treatment Method Safety Efficacy (Intervention vs. Placebo)
BCI (SD) for males:
12 wk: 75.2 (21.1) vs. 60.5 (16.7), p = 0.02;
Received oral 200 mg AEs, serious AEs, PIP1 (SD) for females:
Yoshida et al. (2022) TAC-302:52  Median  TAC-302or placebo ~ 2nd AFs leading to 12wk: 29.4 (9.4) vs. 255 (9.6), p = 0.16;
[121] RCT TAC-302 Placebo: 24 74.0 twice dailv for dose interruption BVE for both sexes:
acebo: ’ 1 weelzls were similar between 12 wk: 18.41% vs. 2.88%, p = 0.03

groups

No significant differences in the mean number of
micturition per 24 h, number of urgency episodes per
24 h, and total OABSS *

Received 4-week oral

Median change in PVR, (Q1, Q3):
4 wk: —40.0 (—125.0, 25.0) vs. —35.0 (—130.0, 40.0),

) once-dail AEs were similar =0.960;
van Till et al. (2022) RCT ASP8302 ASP8302.: 65 62.8 (11.1) administratign of between study Median Chanl:ge in BVEe; (Q1, Q3):
[112] Placebo: 70— 61.1(130) 15 o ASP8302 or groups 4wk: 2.6 (=7.1,12.7) vs. 5.1 (=8.1, 14.5), p = 0.812
matching placebo. In males, ASP8302 showed improvement of symptoms
and functional parameters.
Matsukawa et al Prospective Received tadalafil Mean beneficial change (Tadalafil vs. Silodosin):
(2021) ’ comparative Tadalafil Tadalafil: 59 70.5 5 mg/day or Not reported Qmax (mL/s): 3.0 £ 3.0 vs. 1.7 £+ 1.4, p < 0.001
[116] study Silodosin Silodosin: 67 69.7 silodosin 8 mg/day BCI: 19.7 £17.7 vs. 6.0 £ 12.5, p < 0.001
for 12 months PVR (mL): 20 (-6-70) vs. 16 (-3-54), p = 0.56

RCT: randomized clinical trial; AE: adverse event; BCI: bladder contractility index, Pget@Qmax + 5Qmax. PIP1: Projected isovolumetric pressure 1; SD: standard deviation; PVRc,: PVR
after standardized bladder filling measured by catheterization; BVEc;: bladder voiding efficiency after standardized bladder filling. * This article examined the effects of TAC-302 on

UAB and OAB but did not divide the subgroups by disease type.
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Meanwhile, some drugs have demonstrated efficacy in preclinical trials. Deruyver
et al. observed that TRPV4 enhanced bladder function in a rat model of bilateral pelvic
nerve injury [122]. Another group demonstrated that the TRPV4 agonist GSK1016790A
significantly decreased intercontraction intervals, bladder capacity, voided volume, and
PVR [123]. Matsuya et al. reported that the EP2 and EP3 receptor dual agonist ONO-8055
improved bladder function in a monkey UAB model, with an efficacy similar to that of
distigmine [124]. Similarly, Sekido et al. found that ONO-8055 significantly reduced the
bladder volume, PVR, and voiding pressure in a rat model of lumbar spinal canal steno-
sis [125]. In addition, Kullmann et al. showed that neuromedin B promotes urination in
diabetic rats with UAB through bombesin receptor activation [126]. Chang et al. reported
that intravenous injection of a 5-HT(1A) receptor agonist, 8-hydroxy-2-(di-n-propylamino)-
tetralin (8-OH-DPAT), effectively improved voiding function in unilateral L5-S2 ventral
root avulsion rats [127]. Gratzke et al. showed that cannabinoid (CB) receptor 2 is mainly
expressed in the urothelium, bladder sensory nerves, and cholinergic nerves [128]. Appli-
cation of 3.0 mg/kg CB to rats resulted in a 96% increase in micturition volume (p < 0.01)
and a 49% increase in flow pressures (p < 0.001). Therefore, improving sensory function
during urination may also be an effective option.

6.3. Electrical Stimulation
6.3.1. Sacral Neuromodulation (SNM)

In 1999, the FDA approved SNM for managing nonobstructive urinary retention,
presumably because it helps patients regain voluntary control of their pelvic floor mus-
cles. Over the past two decades, SNM has been effective in various patient populations.
Therefore, urologists must carefully identify the patient groups that may benefit from
SNM [129-131]. Existing studies appear to be contradictory. A multicenter retrospective
study reported successful outcomes in 46.6% of patients undergoing SNM, with no signifi-
cant difference between the sexes [132]. Nevertheless, Coolen et al. reported a markedly
higher success rate in women than in men (62% vs. 22%). A record of psychiatric disorders,
such as PTSD, enhanced the chances of successful first-stage SNM by 3.92 times in women
and 7.71 times in men who had previously undergone transurethral resection of the prostate.
Meanwhile, for each 10-year increase in age, SNM success rates decreased by 2.3-fold and
1.3-fold in men and women, respectively [129]. Another study found that patients with
detrusor acontractility had significantly lower efficacy when undergoing SNM (p = 0.03).
Additionally, younger age was a predictor of SNM response (p = 0.02). However, sex, a
history of neurogenic disease, a previous pelvic surgery, diabetes mellitus, and a history of
preoperative micturition had no significant effect on the presence or absence of an SNM
response [130]. In conclusion, large-scale multicenter clinical trials are needed to further
define populations that could potentially benefit from SNM.

6.3.2. Intravesical Electrical Stimulation (IVES)

IVES improves bladder dysfunction by stimulating the A-delta mechanoreceptor
afferent nerves; however, intact afferent nerve circuits and healthy detrusors are required.
According to Deng et al., 42 of 89 patients responded to IVES (with a 50% reduction in
PVR), while 24 of the 89 patients (with an 80% reduction in PVR) experienced significant
symptom improvement [133]. Liao et al. recently conducted an RCT to assess the efficacy of
a new electrical bladder stimulation device in patients with UAB [134]. This study revealed
that the bladder electrical stimulation device effectively reduced the PVR and increased
the Qmax and BVE. However, no significant differences were observed in the number of
24-h catheterizations, Patient Perception of Bladder Condition Scale (PPBC-S) scores, or
American Urological Association Symptom Index Quality of Life (AUA-SI-QoL) scores
between the two groups (Table 3). One of the possible mechanisms of intravesical electrical
stimulation for DU treatment is the stimulation of ATP release from the urinary epithelium
and the inhibition of NO release [135].
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Table 3. Recent randomized clinical trials of nerve electrical stimulation therapy and extracorporeal shock wave therapy for detrusor underactivity.

Author (Year) Treatment Size (n) Age (y) Treatment Method Safety Efficacy (Intervention vs. Placebo)
szsu‘g’;‘i;hoc;fz%zlgs’ 4 UTI in IVES and 2 UTI PVR changes for IVES:
Liao et al. (2023) IVES: 38 44.6 intensity max tolerated; in placebo, 2wk: —64.1 (87.1) mL vs. =9.6 (90.9) mL, p <0.01
IVES . p=0.67; 4 wk: —97.1 (107.5) mL vs. —10.5 (86.7) mL, p < 0.01
[134] Placebo: 38 47.0 once a day for 30 min, . . .
No severe AEs were No significant differences in the number of 24-h CIC procedures,
5 days a week for a total
reported PPBC-S, or AUA-SI-QoL score between the groups.
of 4 weeks
At the end of treatment courses:
NOV (SD): 6.3 (1.4) vs. 4.7 (1.3) times/day, p < 0.002
20 min twice a week, BC (SD): 238 (58) vs. 366 (67) mL, p < 0.001;
Kajbafzadeh et al. IFES: 18 8.4 (2.4) 15 courses; 4 kHz carrier No side-effects reported Maximum urine flow: 22.1 (6.8) vs. 11.8 (5.7) mL/s, p = 0.001;
(2016) IFES frequency and a beat . PVR: 14.1 (5.8) vs. 49 (23.3), p = 0.03.
Control:18 9.2 (2.5) during and after IFES
[136] frequency sweep at 1-year follow-up:
5-55 Hz BC (SD): 227 (86) vs. 344 (127) mL, p = 0.016;
Maximum urine flow: 21 (8.3) vs. 12.8 (4.8) mL/s, p = 0.001;
PVR: 22.5 (10.3) vs. 44.1 (39), p = 0.03.
Improvement in PVR (95%CI):
4 pulses/s, 2500 shocks, No hematuria. pain. or 4 wk: 157.8 mL (—380.1,64.4) vs. —6.6 mL (—178.1, 164.9), p = 0.116
Shen et al. (2023) ESWT ESWT: 6 62.4 max energy flow density infection in tlhIZB twlo 12wk: 77.5 mL (—242.1, 87.1) vs. 81.8 mL (—137.2, 300.7), p = 0.056
[82] Placebo: 5 61.2 of 0.25 mJ/mm?, once a roups reported reduction in the UAB-Q score (95%CI):
groups reported. 4 wk: —4.3(=9.1,0.4) vs. 0.4 (—1.8,1.0), p = 0.025

week for 6 wk

12wk: —2.7 (=5.5,0.1) vs. —0.2 (—3.5,3.1), p = 0.091

IVES: intravesical electrical stimulation; UTI: urinary tract infection; PPBC-S: Patient Perception of Bladder Condition Scale; AUA-SI-QoL: American Urological Association Symptom
Index Quality of Life; BCI: bladder contractility index = Pget@Qmax + 5Qmax; IFES: transcutaneous interferential electrical stimulation; NOV: number of voiding; SD: standard deviation;

BC: bladder capacity; PVR: post-void residual; ESWT: extracorporeal shock wave therapy; UAB-Q: underactive bladder questionnaire.
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6.3.3. Others

A range of other neuroelectrical stimulation-based methods has been investigated for
the treatment of UAB. Kajbafzadeh et al. performed an RCT and found that transcutaneous
interferential electrical stimulation (IFES) successfully reduced bladder capacity, shortened
voiding time, and improved the proportion of nocturnal bed wetting in pediatric patients
with non-neurological UAB (Table 3) [136]. Nonetheless, additional research is needed
to assess whether this technique can be generalized to adults. Theisen et al. described
that the use of tibial nerve stimulation (TNS) at parameters of 0.5-3 Hz; 14 T induced
large, sustained bladder contractions in cats, which has the potential to treat UAB [137].
Recently, Wang and colleagues conducted a study showing that repetitive sacral root
magnetic stimulation (rSMS) in conjunction with functional bladder exercises significantly
decreased the post-void residual (PVR) volume in individuals with spinal cord injuries
(from 349.5 4+ 58.5 mL to 172.7 4+ 44.6 mL) and increased their maximum urine flow rate
(from 6.9 £ 3.9 mL/s to 15.7 & 4.8 mL/s) [138]. Liu et al. reported that electroacupuncture
at BL33 significantly improved rat detrusor smooth muscle cell contraction to a greater
extent [139].

6.4. Extracorporeal Shock Wave Therapy (ESWT)

ESWT has been shown to play a therapeutic role in common urological disorders
such as erectile dysfunction, interstitial cystitis, and stress urinary incontinence [140];
however, whether it can be used in the treatment of UAB is unclear. Two preclinical
studies demonstrated that ESWT can improve voiding function in female model rats
with cryoinjury-induced UAB and may be linked to increased VEGF expression and cell
proliferation [141,142]. Another study by Wang et al. revealed that ESWT could potentially
ameliorate urinary function in diabetic rats with UAB by restoring neuronal integrity
and promoting smooth muscle actin expression [143]. Recently, Shen et al. conducted a
randomized, double-blind, placebo-controlled phase II clinical trial that confirmed that
ESWT treatment resulted in a significant reduction in UAB symptoms and a trend towards
decreased PVR (Table 3) [82].

6.5. Surgery
6.5.1. Latissimus Dorsi Detrusor Myoplasty (LDDM)

A meta-analysis conducted by Forte et al. summarized the efficacy of LDDM, with
the majority of 58 patients who underwent LDDM being able to return to spontaneous
voiding and having a PVR of less than 100 mL [144]. However, only single-arm clinical
trials without control groups have confirmed these findings. The complexity of LDDM is
also a concern, having a mean operative time of up to 536 &+ 22 min.

6.5.2. Others

Recently, several bladder reconstruction and nerve grafting procedures have been
reported to improve outcomes. Agarwal et al. found that rectus abdominis detrusor
myoplasty (RADM) effectively reduced the PVR, increased the urinary flow rate, and im-
proved bladder contractility and detrusor pressure [145]. Similarly, Thorner et al. observed
significant improvements in Qmax and PVR over a 1-year follow-up period with the use of
reduction cystoplasty (RC) in a specific population with impaired detrusor contractility
(IDC), particularly in PVR, which was reduced by 65-100% [146]. Lin et al. compared the
51 ventral root (VR) of the unilateral proximal anastomosis to the distal ends of the S2 and
S3 ventral roots to treat atonic bladder caused by S2-S5 injury. Seven out of nine patients
were followed up satisfactorily for 8~12 months after surgery, and the mean PVR decreased
from 186.0 = 35.0 mL to 43.0 & 10.0 mL after the treatment [147].

6.6. Stem Cell Therapy

Stem cells possess self-renewal properties and can differentiate into various cell types
under different conditions. Stem cell therapy has been used to treat various diseases. DU is
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caused by the loss of a detrusor or decreased contractility owing to a variety of etiological
factors. Therefore, the injection of stem cells into the bladder wall for the treatment of DU
is a promising therapeutic approach that has been used in several preclinical and clinical
studies with promising results.

Teraoka et al. reported an improvement in maximum intravesical pressure (p = 0.009)
and PVR (p = 0.011) in a rat cryoinjury model by increasing the expression of vascular
endothelial growth factor and hepatocyte growth factor through adipose-derived stem cell
sheet implantation [148]. Human embryonic stem cell-derived multipotent mesenchymal
stem /stromal cells (M-MSCs) have been found to enhance the voiding function in diabetic
DU rats by inhibiting bladder tissue apoptosis via paracrine effects [149]. Additionally,
M-MSCs attenuated fibrosis and apoptosis to improve voiding function in atherosclerotic
chronic bladder voiding in ischemic rats [150]. Recently, Sun et al. reported the use of
human urine-derived stem cells (hUSCs) that were induced to differentiate into Cajal-like
cells ICC-LCs) and modified by the application of lentiviral vectors, which may play a role
in the treatment of UAB [151]. In addition to the direct intravesical injection of stem cells,
the introduction of exogenous stem cell factor (SCF) may improve voiding dysfunction
caused by diminished numbers of interstitial cells of Cajal (ICC) in DU [152]. Shin et al.
conducted a comprehensive review of animal experiments using stem cells in DU [153].

The case described by Levanovich et al. was the first example of a patient with UAB
undergoing stem cell therapy [154]. This patient experienced a reduction in maximum
bladder capacity from 844 mL to 663 mL during a 1-year follow-up period of treatment
with autologous muscle-derived stem cells (AMDCs). The patient voided small amounts
of urine and did not report any adverse events. Gilleran et al. discovered that 11 out
of 19 patients (58%) who received intramuscular injections of AMDCs reported a global
response assessment (GRA) of >5 [155]. This indicates a slight or significant improvement
in UAB symptoms. Recently, Coelho et al. reported on a 54-year-old male patient who
underwent intravesical injections of autologous mesenchymal stromal cells (AMSCs) [156].
The patient demonstrated a significant reduction in PVR from 800 mL to 20 mL as well
as marked improvements in the maximum flow rate from 2 mL/s to 23 mL/s, maximum
detrusion pressure from 21 cmH,O to 46 cmH;0, and BCI from 31 to 161. Another clini-
cal study conducted by the same team, which involved nine patients, demonstrated that
stem cell therapy derived from AMSCs was capable of increasing the maximal flow rate
from 7.22 + 1.58 mL /s to 13.56 £ 1.17 mL/s [157]. Additionally, it reduced the PVR from
420.00 &= 191.41 mL to 118.33 & 85.51 mL, as well as reducing or eliminating the require-
ment for the daily use of ICs. Detailed data from these clinical trials are presented in Table 4.
In conclusion, these initial case reports and single-arm clinical trials suggest that stem cell
therapy is a promising treatment option for DU. However, further RCTs are necessary to
establish the efficacy and safety of stem cell therapy.
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Table 4. Clinical trials of stem cell therapy for detrusor underactivity.

Author (Year)

Age (y)

Treatment Method

Safety

Efficacy (Intervention vs. Placebo)

Levanovich et al.
(2015)
[154]

79

Injections of a total of
250 million AMDC in a
total volume of 15 mL
distributed throughout
approximately 30 sites.

No treatment-related
adverse events or side
effects were reported

3 m after injection: first desire 711 to 365 mL; strong desire 823 to
450 mL; MCC: 844 to 663 mL.
Using PGI-I questionnaire the patient reported “a little bit better”,
while using GRA reported “moderate improvement” of UAB
symptoms at 6 and 12 months.

Gilleran et al.
(2021)
[155]

64.3 £11.6

Injections of a total of
125 million AMDC in a
total volume of 15 mL
distributed throughout
approximately 30 sites.

Minor AEs such as UTI,
which resolved
spontaneously without
sequelae.

Patient-reported GRA:
3 m: 30% improved; 70% no change.
6 m: 50% improved; 45% no change; 5% worse.
12 m: 58% improved; 21% no change; 21% undetermined.
PVR was trending downward while VE was trending upward.

Coelho et al. (2023)
[156]

54

2 x 10° AMSCs were
injected in the bladder
trigone 60 days after fat
collection, and a second
injection was performed
30 days later.

No complications
reported.

60 days after last transplant vs. before:
Residual volume: 20 mL vs. 800 mL;
Maximum Flow: 23 mL/s vs. 2 mL/s;
max Py 46 cmH,0 vs. 21 emH,0;
BCI: 161 vs. 31;

ICIQ-SF: 1 vs. 19.

Coelho et al. (2023)
[157]

Treatment Size (n)
AMDC 1
AMDC 20
AMSC 1
AMSC 9

65.66 + 2.49

2 x 10° AMSCs were
injected in the bladder
trigone 60 days after fat
collection, and a second
injection was performed
30 days later.

4 ecchymosis,
1 edema,
3 pains,
2 UTI,
1 hematuria,
1 dysuria

60 days after last transplant vs. before:

Residual volume: 118.33 £ 85.51 mL vs. 420.00 & 191.41 mL; p < 0.05

Maximum Flow: 11.56 + 1.67 mL/s vs. 7.78 &+ 0.76 mL/s; p < 0.05
max Pgye: 41.56 £ 5.75 cmH, 0 vs. 20.22 + 8.29 cmH,0; p < 0.05
BCI: 100.56 + 8.89 vs. 44.33 & 4.85; p < 0.05
ICIQ-SF: 3.78 £ 0.78 vs. 11.44 & 1.43; p < 0.05.

AMDC: autologous muscle derived cell; PGI-I: patient global impression of improvement; GRA: global response assessment; AE: adverse effects; UTI: urinary tract infection; GRA:
global response assessment; PVR: post-void residual; VE: voiding efficiency. AMSC: autologous mesenchymal stromal cells; max Pgei: maximum detrusion pressure; BCI = Pye@Qpmax +
5Qmax. ICIQ-SF: International Continence on Incontinence Questionnaire-Short Form.
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6.7. Bladder Replacement Alternatives

With the progress in industrial technology, an increasing number of research teams are
concentrating on manufacturing “artificial bladders” or similar products to reinstate the
contractility of the urethral muscle or assist in urination. Lee et al. described a wireless, fully
implantable, and scalable electronic complex, which was demonstrated in an animal model
to monitor bladder function and provide electrical stimulation to induce urination based on
a feedback control system [158]. Our team proposed an implantable magnetic soft robotic
bladder (MRB) capable of applying mechanical compression directly to the bladder, thereby
assisting the voiding process, in a UAB model pig [159]. Peh et al. devised a closed-loop
pelvic neurostimulation system that could deliver varying stimulation currents by sensing
bladder pressure signals and achieving a more than 75% success rate [160]. Various treat-
ment options for UAB are currently being investigated, including neurostimulation, muscle
stimulation, optogenetic technology, shape-memory alloys, and hydrogels. Holmes-Martin
et al. presented a more complete review of adjunctive electronic devices that could be
used for UAB treatment [161]. These devices generally have a closed-loop system that first
monitors the intra-bladder pressure via sensors and then completes the voiding process via
different technical routes. The two areas requiring further attention are: (1) accomplishing
long-term device implantation and (2) achieving implantable device-assisted coordinated
detrusor—sphincter movement. However, once severe bladder fibrosis occurs, achieving
the intended results of DU treatment with drugs or surgery is difficult. Therefore, it is
important to identify reliable bladder replacement options.

7. Future Directions and Prospects

In recent years, there have been various research developments in the domain of
UAB/DU, encompassing the ICS definition of UAB, along with several RCTs that have
established the efficacy of different drugs and treatments. In line with the suggested agenda
for subsequent research presented by the International Congress on Underactive Bladder
(CURE-UAB) [162] and the ICI-RS Think Tank [9], we propose that based on the current
literature, there remain several unresolved concerns surrounding UAB that require further
investigation: (1) There is no clear urodynamic definition of DU that is set with full consid-
eration of the patient’s age, sex, and etiology. (2) The relationship between UAB symptoms
and urodynamic DU should be established. (3) Prospective cohort studies are required
to elucidate the natural history of UAB. (4) Designing reliable questionnaires, exploring
non-invasive diagnostic methods for UAB, and validating them in large-scale prospective
cohorts are necessary for the screening and early identification of UAB. (5) Multicenter
large-scale RCTs need to be conducted to establish the safety and efficacy of new drugs
or treatments, such as TAC-302, ESWT, and stem cell therapies. (6) Drug targets based
on pathophysiological mechanisms including bladder ischemia, oxidative stress, inflam-
mation, and fibrosis need to be investigated. (7) Research and development of bladder
replacement devices is encouraged. In addition to the aforementioned research priorities,
enhancing health education for patients is recommended, particularly for key populations
such as individuals with neurological conditions and diabetes, to avert injuries in the upper
urinary tract.

8. Materials and Methods

We used the keywords (“underactive bladder” OR “detrusor underactivity” OR “acon-
tractile bladder” OR “detrusor failure” OR “detrusor areflexia” OR “atonic bladder” OR
“impaired bladder contractility”) to search all the literature published from January 1950 to
August 2023. Our search resulted in a total of 3540 relevant articles, which we retrieved.
All original articles, reviews, commentaries, editorials, and case reports were included.
After reading the titles and abstracts, a total of 3023 non-English literature, conference
abstracts, duplicates and unrelated to DU/UAB were excluded. After reading the full text
of the remaining 517 papers, we reviewed and screened 148 papers related to the definition,
incidence, etiology, risk factors, urodynamic features, diagnosis, and treatment of DU/UAB
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for inclusion in this review. In addition, four studies in the reference lists of the selected
studies were screened.

9. Limitations

This paper still has some limitations. Firstly, the studies included have small sample
sizes or low qualities; thus, reporting bias should be considered when interpreting some of
the findings. Furthermore, the review’s broad scope prevented any clear definition of the
inclusion criteria for different literature aspects. Hence, notwithstanding that we explicated
the figures and rationales for the integration of the articles at every stage of screening
procedure, some degree of selection bias remains inescapable. In the future, systematic
reviews or meta-analyses with a more specific focus should be conducted to provide better
evidence for clinical diagnoses and treatment.

10. Conclusions

UAB, a prevalent and multi-etiological condition of the lower urinary tract, has not
been sufficiently studied. Encouraging progress has been made in the field of UAB in
recent years. The ICS defines UAB based on clinical symptoms, which will help identify
patients with potential DU. The urodynamic definition of DU in various study groups
generally considers sex differences and distinguishes DU from BOO. Moreover, several
questionnaires and non-invasive diagnostic methods have been developed to detect UAB
at an early stage. It is equally important to understand the etiology of DU and establish
appropriate animal models to investigate its pathophysiological mechanisms. Preliminary
clinical trials have validated the effectiveness of new drugs and treatments, including TAC-
302, ESWT, and stem cell therapy for the management of UAB/DU. However, confirmation
through large-scale multicenter RCTs is necessary. Future research is required to enhance
the understanding of UAB/DU and establish a theoretical foundation for developing new
therapeutic interventions.

Author Contributions: Conceptualization, Q.L. and J.L.; methodology, ].W.; software, L.R.; investi-
gation, ].W.; resources, X.L.; writing—original draft preparation, ].W.; writing—review and editing,
Q.L.; supervision, J.L.; project administration, J.L.; funding acquisition, Q.L and J.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant number
82151313 and 92048204.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors would like to thank Siyuan Wang for her help with writing.

Conflicts of Interest: The authors declare no conflict of interest.

1. Abrams, P;; Cardozo, L.; Fall, M.; Griffiths, D.; Rosier, P.; Ulmsten, U.; van Kerrebroeck, P.; Victor, A.; Wein, A. The standardisation
of terminology of lower urinary tract function: Report from the Standardisation Sub-committee of the International Continence
Society. Neurourol. Urodyn. 2002, 21, 167-178. [CrossRef]

2. Aldamanhori, R.; Osman, N.I.; Chapple, C.R. Underactive bladder: Pathophysiology and clinical significance. Asian J. Urol. 2018,
5,17-21. [CrossRef] [PubMed]

3.  Chapple, C.R,; Osman, N.I; Birder, L.; van Koeveringe, G.A.; Oelke, M.; Nitti, V.W.; Drake, M.].; Yamaguchi, O.; Abrams, P;
Smith, PP. The underactive bladder: A new clinical concept? Eur. Urol. 2015, 68, 351-353. [CrossRef] [PubMed]

4.  Fowler, CJ.; Griffiths, D.; de Groat, W.C. The neural control of micturition. Nat. Rev. Neurosci. 2008, 9, 453-466. [CrossRef]

5. Arlandis, S.; Bg, K.; Cobussen-Boekhorst, H.; Costantini, E.; de Heide, M.; Farag, F.; Groen, ].; Karavitakis, M.; Lapitan, M.C.;
Manso, M.; et al. European Association of Urology Guidelines on the Management of Female Non-neurogenic Lower Urinary
Tract Symptoms. Part 2: Underactive Bladder, Bladder Outlet Obstruction, and Nocturia. Eur. Urol. 2022, 82, 60-70. [CrossRef]


https://doi.org/10.1002/nau.10052
https://doi.org/10.1016/j.ajur.2017.02.003
https://www.ncbi.nlm.nih.gov/pubmed/29379731
https://doi.org/10.1016/j.eururo.2015.02.030
https://www.ncbi.nlm.nih.gov/pubmed/25770481
https://doi.org/10.1038/nrn2401
https://doi.org/10.1016/j.eururo.2022.01.044

Int. J. Mol. Sci. 2023, 24, 15517 20 of 26

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Bayrak, 0O.; Dmochowski, R.R. Underactive bladder: A review of the current treatment concepts. Turk. J. Urol. 2019, 45, 401-409.
[CrossRef] [PubMed]

Webb, R.]J.; Lawson, A.L.; Neal, D.E. Clean intermittent self-catheterisation in 172 adults. Br. J. Urol. 1990, 65, 20-23. [CrossRef]
Osman, N.I; Chapple, C.R.; Abrams, P.; Dmochowski, R.; Haab, F; Nitti, V.; Koelbl, H.; van Kerrebroeck, P.; Wein, A.]J. Detrusor
underactivity and the underactive bladder: A new clinical entity? A review of current terminology, definitions, epidemiology,
aetiology, and diagnosis. Eur. Urol. 2014, 65, 389-398. [CrossRef]

Tarcan, T.; Rademakers, K.; Arlandis, S.; von Gontard, A.; van Koeveringe, G.A.; Abrams, P. Do the definitions of the underactive
bladder and detrusor underactivity help in managing patients: International Consultation on Incontinence Research Society
(ICI-RS) Think Tank 2017? Neurourol. Urodyn. 2018, 37, S60-S68. [CrossRef]

Chapple, C.R.; Osman, N.L; Birder, L.; Dmochowski, R.; Drake, M.].; van Koeveringe, G.; Nitti, V.W.; Oelke, M.; Smith, P.P;
Yamaguchi, O.; et al. Terminology report from the International Continence Society (ICS) Working Group on Underactive Bladder
(UAB). Neurourol. Urodyn. 2018, 37, 2928-2931. [CrossRef]

Aggarwal, H.; Zimmern, PE. Underactive Bladder. Curr. Urol. Rep. 2016, 17, 17. [CrossRef]

Valente, S.; DuBeau, C.; Chancellor, D.; Okonski, J.; Vereecke, A.; Doo, E; Lajiness, M.; Diokno, A.; Chancellor, M. Epidemiology
and demographics of the underactive bladder: A cross-sectional survey. Int. Urol. Nephrol. 2014, 46 (Suppl. S1), S7-S10. [CrossRef]
[PubMed]

Faraj, K.; Doo, F.; Boura, J.; Vereecke, A.; Chancellor, M.B. A cross-sectional study in the USA of the epidemiology and quality of
life of underactive bladder symptoms. Int. Urol. Nephrol. 2016, 48, 1797-1802. [CrossRef]

Singh, G.; Mittal, A.; Sinha, S.; Panwar, V.K.; Bhadoria, A.S.; Mandal, A.K. Urodynamics in the evaluation of lower urinary tract
symptoms in young adult men: A systematic review. Indian. J. Urol. 2023, 39, 97-106. [CrossRef]

D’Alessandro, G.; Palmieri, S.; Cola, A.; Barba, M.; Manodoro, S.; Frigerio, M. Detrusor underactivity prevalence and risk factors
according to different definitions in women attending urogynecology clinic. Int. Urogynecol. ]. 2022, 33, 835-840. [CrossRef]
Aldamanhori, R.; Chapple, C.R. Underactive bladder, detrusor underactivity, definition, symptoms, epidemiology, etiopathogene-
sis, and risk factors. Curr. Opin. Urol. 2017, 27, 293-299. [CrossRef]

Osman, N.I; Chapple, C.R. Contemporary concepts in the aetiopathogenesis of detrusor underactivity. Nat. Rev. Urol. 2014, 11,
639-648. [CrossRef]

Li, X.; Liao, L.M.; Chen, G.Q.; Wang, Z.X; Lu, T.].; Deng, H. Clinical and urodynamic characteristics of underactive bladder: Data
analysis of 1726 cases from a single center. Medicine 2018, 97, €9610. [CrossRef] [PubMed]

Chang, Y.H,; Siu, ].].; Hsiao, PJ.; Chang, C.H.; Chou, E.C. Review of underactive bladder. J. Formos. Med. Assoc. 2018, 117, 178-184.
[CrossRef] [PubMed]

Jhang, J.E; Jiang, Y.H.; Hsu, Y.H.; Ho, H.C.; Kuo, H.C. Pathogenesis evidence from human and animal models of detrusor
underactivity. Tzu Chi Med. J. 2022, 34, 287-296. [CrossRef]

Vale, L.; Jesus, F.; Marcelissen, T.; Rieken, M.; Geavlete, B.; Rahnama’i, M.S.; Martens, E; Cruz, E; Antunes-Lopes, T. Patho-
physiological mechanisms in detrusor underactivity: Novel experimental findings. Low. Urin. Tract. Symptoms 2019, 11, 92-98.
[CrossRef]

Blok, B.; Castro-Diaz, ].P.D.; Del Popolo, G.; Groen, J.; Hamid, R.; Karsenty, G.; Kessler, T.M.; Ecclestone, H.; Musco, S.; Padilla-
Fernandez, B.; et al. EAU Guidelines on NeuroUrology; European Association of Urology (EAU): Arnhem, The Netherlands, 2023.
Burney, T.L.; Senapati, M.; Desai, S.; Choudhary, S.T.; Badlani, G.H. Acute cerebrovascular accident and lower urinary tract
dysfunction: A prospective correlation of the site of brain injury with urodynamic findings. J. Urol. 1996, 156, 1748-1750.
[CrossRef]

Jia, C.; Cui, X.; Yoshimura, N.; Mao, W.; Xu, E.; Wang, Q.; Ou, T. Assessment and Management of Urinary Dysfunction in 187
Patients with Parkinson’s Disease. J. Park. Dis. 2020, 10, 993-1001. [CrossRef] [PubMed]

Eschlbock, S.; Kiss, G.; Krismer, F; Fanciulli, A.; Kaindlstorfer, C.; Raccagni, C.; Seppi, K.; Kiechl, S.; Panicker, ].N.; Wenning, G.K.
Urodynamic Evaluation in Multiple System Atrophy: A Retrospective Cohort Study. Mov. Disord. Clin. Pract. 2021, 8, 1052-1060.
[CrossRef]

Stoffel, ].T. Chronic Urinary Retention in Multiple Sclerosis Patients: Physiology, Systematic Review of Urodynamic Data, and
Recommendations for Care. Urol. Clin. N. Am. 2017, 44, 429-439. [CrossRef] [PubMed]

Naphade, P.U.; Verma, R.; Garg, R K.; Singh, M.; Malhotra, H.S.; Shankwar, S.N. Prevalence of bladder dysfunction, urodynamic
findings, and their correlation with outcome in Guillain-Barre syndrome. Neurourol. Urodyn. 2012, 31, 1135-1140. [CrossRef]
[PubMed]

Bleier, ].I; Maykel, J.A. Outcomes following proctectomy. Surg. Clin. N. Am. 2013, 93, 89-106. [CrossRef]

Oszczudlowski, M.; Bilski, K.; Kozikowski, M.; Dobruch, J. De Novo Detrusor Underactivity and Other Urodynamic Findings
after Radical Prostatectomy: A Systematic Review. Medicina 2022, 58, 381. [CrossRef]

Sun, X.; Chen, Y,; Zhong, Y.; Chen, X.; Shi, H,; Liu, J.; Cai, L.; Sun, P. Recently urodynamic and quality of life assessment in the
non-menopausal women with cervical cancer after radical hysterectomy. Support. Care Cancer 2023, 31, 389. [CrossRef] [PubMed]
Zhang, F.; Liao, L. Lower Urinary Tract Function in Patients with Inflammatory Encephalomyelopathy: Characteristics of
Urodynamics, Neurological Deficits and Magnetic Resonance Imaging. Urology 2021, 156, 23-30. [CrossRef] [PubMed]

Ribeiro, J.A.; Simeoni, S.; De Min, L.; Uchiyama, T.; Lo, Y.T.; Solanky, N.; Garcia-Moreno, H.; Giunti, P.; Panicker, ].N. Lower
urinary tract and bowel dysfunction in spinocerebellar ataxias. Ann. Clin. Transl. Neurol. 2021, 8, 321-331. [CrossRef]


https://doi.org/10.5152/tud.2019.37659
https://www.ncbi.nlm.nih.gov/pubmed/30817271
https://doi.org/10.1111/j.1464-410X.1990.tb14653.x
https://doi.org/10.1016/j.eururo.2013.10.015
https://doi.org/10.1002/nau.23570
https://doi.org/10.1002/nau.23701
https://doi.org/10.1007/s11934-016-0582-6
https://doi.org/10.1007/s11255-014-0811-1
https://www.ncbi.nlm.nih.gov/pubmed/25238889
https://doi.org/10.1007/s11255-016-1382-0
https://doi.org/10.4103/iju.iju_160_22
https://doi.org/10.1007/s00192-021-04796-w
https://doi.org/10.1097/MOU.0000000000000381
https://doi.org/10.1038/nrurol.2014.286
https://doi.org/10.1097/MD.0000000000009610
https://www.ncbi.nlm.nih.gov/pubmed/29504988
https://doi.org/10.1016/j.jfma.2017.09.006
https://www.ncbi.nlm.nih.gov/pubmed/28969876
https://doi.org/10.4103/tcmj.tcmj_284_20
https://doi.org/10.1111/luts.12257
https://doi.org/10.1016/S0022-5347(01)65498-3
https://doi.org/10.3233/JPD-191806
https://www.ncbi.nlm.nih.gov/pubmed/32310185
https://doi.org/10.1002/mdc3.13307
https://doi.org/10.1016/j.ucl.2017.04.009
https://www.ncbi.nlm.nih.gov/pubmed/28716323
https://doi.org/10.1002/nau.22236
https://www.ncbi.nlm.nih.gov/pubmed/22488834
https://doi.org/10.1016/j.suc.2012.09.012
https://doi.org/10.3390/medicina58030381
https://doi.org/10.1007/s00520-023-07823-2
https://www.ncbi.nlm.nih.gov/pubmed/37300713
https://doi.org/10.1016/j.urology.2021.03.047
https://www.ncbi.nlm.nih.gov/pubmed/33991574
https://doi.org/10.1002/acn3.51266

Int. J. Mol. Sci. 2023, 24, 15517 21 of 26

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

Ruiz, C.G.; Arrom, L.M.; Mayordomo, O.; Barea, V.M.; Redorta, J.P.; Smet, C.E. Urodynamic findings in Charcot-Marie-Tooth
patients with lower urinary tract symptoms. Actas Urol. Esp. 2020, 44, 34—40. [CrossRef]

Gupta, A.; Sivaram, A.; Krishnan, R.; Khanna, M. Urinary Symptoms and Bladder Dysfunction in Patients with Neuromyelitis
Optica Spectrum Disorders: Evaluation with Urodynamics and Management. ]. Neurosci. Rural. Pract. 2020, 11, 245-249.
[CrossRef]

Joussain, C.; Levy, J.; Charlanes, A.; Even, A.; Falcou, L.; Kastler, E.C.; Denys, P. Urological dysfunction in patients with hereditary
spastic paraplegia. Neurourol. Urodyn. 2019, 38, 1081-1085. [CrossRef]

Gandbhi, J.; Shah, J.; Joshi, G.; Vatsia, S.; DiMatteo, A.; Joshi, G.; Smith, N.L.; Khan, S.A. Neuro-urological sequelae of lumbar
spinal stenosis. Int. J. Neurosci. 2018, 128, 554-562. [CrossRef] [PubMed]

Aruga, S.; Kuwana, N.; Shiroki, Y.; Takahashi, S.; Samejima, N.; Watanabe, A.; Seki, Y.; Igawa, Y.; Homma, Y. Effect of cerebrospinal
fluid shunt surgery on lower urinary tract dysfunction in idiopathic normal pressure hydrocephalus. Neurourol. Urodyn. 2018, 37,
1053-1059. [CrossRef]

Sager, C.; Burek, C.; Corbetta, ].P.; Weller, S.; Ruiz, J.; Perea, R.; Lago, E.; Gomez, Y.; Duran, V,; Lépez, ].C. Initial urological evalua-
tion and management of children with neurogenic bladder due to myelomeningocele. . Pediatr. Urol. 2017, 13, 271.e271-271.e275.
[CrossRef] [PubMed]

Veenboer, PW.; Bosch, J.L.; van Asbeck, EW.; de Kort, L.M. Paucity of evidence for urinary tract outcomes in closed spinal
dysraphism: A systematic review. BJU Int. 2013, 112, 1009-1017. [CrossRef] [PubMed]

Musegante, A.F.; Almeida, PN.; Monteiro, R.T.; Barroso, U., Jr. Urinary symptoms and urodynamics findings in patients with
Friedreich’s ataxia. Int. Braz. J. Urol. 2013, 39, 867-874. [CrossRef]

Biglione, B.; Chen, S.X.; Cucka, B.; Kroshinsky, D. Herpes zoster-induced urologic and gastrointestinal dysfunction with residual
neurogenic detrusor underactivity. JAAD Case Rep. 2022, 26, 88-90. [CrossRef]

Mrad, L.; Moustakas, A.; Fuino, R.; Waheed, W. Severe presentation of antibody-negative, postinfectious steroid-responsive
encephalitis and atonic bladder after herpes simplex encephalitis. BM] Case Rep. 2019, 12, €230005. [CrossRef]

Lee, H.S.; Choi, ].G.; Shin, J.H. Urological disturbance and its neuroanatomical correlate in patients with chronic brainstem stroke.
Neurourol. Urodyn. 2017, 36, 136-141. [CrossRef]

Giannantoni, A.; Silvestro, D.; Siracusano, S.; Azicnuda, E.; D'Ippolito, M.; Rigon, J.; Sabatini, U.; Bini, V.; Formisano, R. Urologic
dysfunction and neurologic outcome in coma survivors after severe traumatic brain injury in the postacute and chronic phase.
Arch. Phys. Med. Rehabil. 2011, 92, 1134-1138. [CrossRef] [PubMed]

Han, K.S.; Heo, S.H.; Lee, S.J.; Jeon, S.H.; Yoo, K.H. Comparison of urodynamics between ischemic and hemorrhagic stroke
patients; can we suggest the category of urinary dysfunction in patients with cerebrovascular accident according to type of stroke?
Neurourol. Urodyn. 2010, 29, 387-390. [CrossRef]

Kim, T.G.; Yoo, K.H.; Jeon, S.H.; Lee, H.L.; Chang, S.G. Effect of dominant hemispheric stroke on detrusor function in patients
with lower urinary tract symptoms. Int. . Urol. 2010, 17, 656-660. [CrossRef]

Brierly, R.D.; Hindley, R.G.; McLarty, E.; Harding, D.M.; Thomas, PJ. A prospective controlled quantitative study of ultrastructural
changes in the underactive detrusor. J. Urol. 2003, 169, 1374-1378. [CrossRef] [PubMed]

Santos-Pereira, M.; Charrua, A. Understanding underactive bladder: A review of the contemporary literature. Porto Biomed. ].
2020, 5, e070. [CrossRef] [PubMed]

Speich, J.E.; Tarcan, T.; Hashitani, H.; Vahabi, B.; McCloskey, K.D.; Andersson, K.E.; Wein, A.].; Birder, L.A. Are oxidative stress
and ischemia significant causes of bladder damage leading to lower urinary tract dysfunction? Report from the ICI-RS 2019.
Neurourol. Urodyn. 2020, 39 (Suppl. S3), S16-522. [CrossRef]

Metcalfe, P.D.; Wang, J.; Jiao, H.; Huang, Y.; Hori, K.; Moore, R.B.; Tredget, E.E. Bladder outlet obstruction: Progression from
inflammation to fibrosis. BJU Int. 2010, 106, 1686-1694. [CrossRef]

Kim, S.J.; Kim, J.; Na, Y.G.; Kim, K.H. Irreversible Bladder Remodeling Induced by Fibrosis. Int. Neurourol. |. 2021, 25, S3-5S7.
[CrossRef]

Geramipour, A.; Danziger, Z.C. Sensitivity of urethral flow-evoked voiding reflexes decline with age in the rat: Insights into
age-related underactive bladder. Am. J. Physiol. Renal Physiol. 2020, 318, F1430-F1440. [CrossRef]

Coelho, A.; Charrua, A.; Oliveira, R.; Cavaleiro, H.; Cruz, C.D.; Cruz, F. Underactive bladder in aging rats is associated with a
reduced number of serotonin-expressing cells in the urethra and is improved by serotonin application to the urethra. Low. Urin.
Tract. Symptoms 2019, 11, 248-254. [CrossRef] [PubMed]

Ramasamy, R.; Baker, D.S.; Lemtiri-Chlieh, F.; Rosenberg, D.A.; Woon, E.; Al-Naggar, LM.; Hardy, C.C.; Levine, E.S.; Kuchel,
G.A,; Bartley, ].M.; et al. Loss of resilience contributes to detrusor underactivity in advanced age. Biogerontology 2023, 24, 163-181.
[CrossRef]

Biscola, N.P,; Bartmeyer, PM.; Christe, K.L.; Colman, R.J.; Havton, L.A. Detrusor underactivity is associated with metabolic
syndrome in aged primates. Sci. Rep. 2023, 13, 6716. [CrossRef] [PubMed]

Song, Q.X.; Sun, Y.; Deng, K.; Mei, ].Y.; Chermansky, C.J.; Damaser, M.S. Potential role of oxidative stress in the pathogenesis of
diabetic bladder dysfunction. Nat. Rev. Urol. 2022, 19, 581-596. [CrossRef] [PubMed]

Golbidi, S.; Laher, I. Bladder dysfunction in diabetes mellitus. Front. Pharmacol. 2010, 1, 136. [CrossRef]

Chen, H.; Wu, A ; Zeidel, M.L.; Yu, W. Smooth Muscle Insulin Receptor Deletion Causes Voiding Dysfunction: A Mechanism for
Diabetic Bladder Dysfunction. Diabetes 2022, 71, 2197-2208. [CrossRef] [PubMed]


https://doi.org/10.1016/j.acuro.2019.07.004
https://doi.org/10.1055/s-0040-1701557
https://doi.org/10.1002/nau.23957
https://doi.org/10.1080/00207454.2017.1400973
https://www.ncbi.nlm.nih.gov/pubmed/29098915
https://doi.org/10.1002/nau.23399
https://doi.org/10.1016/j.jpurol.2016.12.024
https://www.ncbi.nlm.nih.gov/pubmed/28215830
https://doi.org/10.1111/bju.12289
https://www.ncbi.nlm.nih.gov/pubmed/24053767
https://doi.org/10.1590/S1677-5538.IBJU.2013.06.14
https://doi.org/10.1016/j.jdcr.2022.05.010
https://doi.org/10.1136/bcr-2019-230005
https://doi.org/10.1002/nau.22889
https://doi.org/10.1016/j.apmr.2011.02.013
https://www.ncbi.nlm.nih.gov/pubmed/21704794
https://doi.org/10.1002/nau.20708
https://doi.org/10.1111/j.1442-2042.2010.02547.x
https://doi.org/10.1097/01.ju.0000055781.07630.aa
https://www.ncbi.nlm.nih.gov/pubmed/12629365
https://doi.org/10.1097/j.pbj.0000000000000070
https://www.ncbi.nlm.nih.gov/pubmed/32734011
https://doi.org/10.1002/nau.24313
https://doi.org/10.1111/j.1464-410X.2010.09445.x
https://doi.org/10.5213/inj.2142174.087
https://doi.org/10.1152/ajprenal.00475.2019
https://doi.org/10.1111/luts.12273
https://www.ncbi.nlm.nih.gov/pubmed/31250566
https://doi.org/10.1007/s10522-022-10005-y
https://doi.org/10.1038/s41598-023-33112-3
https://www.ncbi.nlm.nih.gov/pubmed/37185781
https://doi.org/10.1038/s41585-022-00621-1
https://www.ncbi.nlm.nih.gov/pubmed/35974244
https://doi.org/10.3389/fphar.2010.00136
https://doi.org/10.2337/db22-0233
https://www.ncbi.nlm.nih.gov/pubmed/35876633

Int. J. Mol. Sci. 2023, 24, 15517 22 of 26

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Elrashidy, R.A.; Liu, G. Long-term diabetes causes molecular alterations related to fibrosis and apoptosis in rat urinary bladder.
Exp. Mol. Pathol. 2019, 111, 104304. [CrossRef]

Klee, N.S.; Moreland, R.S.; Kendig, D.M. Detrusor contractility to parasympathetic mediators is differentially altered in the
compensated and decompensated states of diabetic bladder dysfunction. Am. J. Physiol. Renal Physiol. 2019, 317, F388-F398.
[CrossRef]

Daneshgari, F; Liu, G.; Imrey, P.B. Time dependent changes in diabetic cystopathy in rats include compensated and decompen-
sated bladder function. J. Urol. 2006, 176, 380-386. [CrossRef]

Yokoyama, T.; Chancellor, M.B. Statin-Associated Underactive Bladder. Low. Urin. Tract. Symptoms 2014, 6, 124-125. [CrossRef]
[PubMed]

Panfili, M.; Iafrate, M.; Marzot, F,; Secco, S.; De Rosa, G.; Groppa, F,; Padrini, R. Ranolazine-induced severe bladder hypotonia.
Ann. Pharmacother. 2012, 46, e24. [CrossRef] [PubMed]

Griffiths, D. Detrusor contractility—Order out of chaos. Scand. J. Urol. Nephrol. 2004, 215, 93-100. [CrossRef]

Donkelaar, S.C.; Rosier, P.; de Kort, L. Comparison of three methods to analyze detrusor contraction during micturition in men
over 50 years of age. Neurourol. Urodyn. 2017, 36, 2153-2159. [CrossRef]

Yoshida, M.; Sekido, N.; Matsukawa, Y.; Yono, M.; Yamaguchi, O. Clinical diagnostic criteria for detrusor underactivity: A
report from the Japanese Continence Society working group on underactive bladder. Low. Urin. Tract. Symptoms 2021, 13, 13-16.
[CrossRef] [PubMed]

Matsukawa, Y.; Funahashi, Y.; Gotoh, M. Validation and clinical utility of the diagnostic criteria for detrusor underactivity in men
proposed by the Japanese Continence Society. Int. J. Urol. 2022, 29, 595-596. [CrossRef] [PubMed]

Jeong, S.J.; Lee, ].K.; Kim, K.M.; Kook, H.; Cho, S.Y.; Oh, S.J. How do we diagnose detrusor underactivity? Comparison of
diagnostic criteria based on an urodynamic measure. Investig. Clin. Urol. 2017, 58, 247-254. [CrossRef]

Kaplan, S.A ; Ikeguchi, E.F,; Santarosa, R.P; D’Alisera, PM.; Hendricks, J.; Te, A.E.; Miller, MLIL. Etiology of voiding dysfunction in
men less than 50 years of age. Urology 1996, 47, 836-839. [CrossRef]

Fusco, F; Groutz, A ; Blaivas, ].G.; Chaikin, D.C.; Weiss, ].P. Videourodynamic studies in men with lower urinary tract symptoms:
A comparison of community based versus referral urological practices. J. Urol. 2001, 166, 910-913. [CrossRef]

Nitti, V.W.; Lefkowitz, G.; Ficazzola, M.; Dixon, C.M. Lower urinary tract symptoms in young men: Videourodynamic findings
and correlation with noninvasive measures. J. Urol. 2002, 168, 135-138. [CrossRef]

Wang, C.C.; Yang, S.S.; Chen, Y.T.; Hsieh, ].H. Videourodynamics identifies the causes of young men with lower urinary tract
symptoms and low uroflow. Eur. Urol. 2003, 43, 386-390. [CrossRef]

Abarbanel, J.; Marcus, E.L. Impaired detrusor contractility in community-dwelling elderly presenting with lower urinary tract
symptoms. Urology 2007, 69, 436—-440. [CrossRef]

Jeong, S.J.; Kim, H.J.; Lee, Y.J.; Lee, ].K.; Lee, B.K.; Choo, YM.; Oh, ].].; Lee, S.C.; Jeong, C.W.; Yoon, C.Y; et al. Prevalence and
Clinical Features of Detrusor Underactivity among Elderly with Lower Urinary Tract Symptoms: A Comparison between Men
and Women. Korean J. Urol. 2012, 53, 342-348. [CrossRef] [PubMed]

Hoag, N.; Gani, ]. Underactive Bladder: Clinical Features, Urodynamic Parameters, and Treatment. Inf. Neurourol. J. 2015, 19,
185-189. [CrossRef]

Gammie, A.; Kaper, M.; Dorrepaal, C.; Kos, T.; Abrams, P. Signs and Symptoms of Detrusor Underactivity: An Analysis of
Clinical Presentation and Urodynamic Tests from a Large Group of Patients Undergoing Pressure Flow Studies. Eur. Urol. 2016,
69, 361-369. [CrossRef] [PubMed]

Lee, K.S.; Song, PH.; Ko, Y.H. Does uroflowmetry parameter facilitate discrimination between detrusor underactivity and bladder
outlet obstruction? Investig. Clin. Urol. 2016, 57, 437—441. [CrossRef] [PubMed]

Uren, A.D.; Cotterill, N.; Harding, C.; Hillary, C.; Chapple, C.; Klaver, M.; Bongaerts, D.; Hakimi, Z.; Abrams, P. Qualitative
Exploration of the Patient Experience of Underactive Bladder. Eur. Urol. 2017, 72, 402-407. [CrossRef]

Matsukawa, Y.; Yoshida, M.; Yamaguchi, O.; Takai, S.; Majima, T.; Funahashi, Y.; Yono, M.; Sekido, N.; Gotoh, M. Clinical
characteristics and useful signs to differentiate detrusor underactivity from bladder outlet obstruction in men with non-neurogenic
lower urinary tract symptoms. Int. J. Urol. 2020, 27, 47-52. [CrossRef]

Namitome, R.; Takei, M.; Takahashi, R.; Kikutake, C.; Yokomizo, A.; Yamaguchi, O.; Eto, M. A Prediction Model of Detrusor
Underactivity Based on Symptoms and Noninvasive Test Parameters in Men with Lower Urinary Tract Symptoms: An Analysis
of a Large Group of Patients undergoing Pressure-Flow Studies. J. Urol. 2020, 203, 779-785. [CrossRef]

Matsukawa, Y.; Naito, Y.; Ishida, S.; Matsuo, K.; Majima, T.; Gotoh, M. Two types of detrusor underactivity in men with
nonneurogenic lower urinary tract symptoms. Neurourol. Urodyn. 2023, 42, 73-79. [CrossRef]

Shen, Y.C.; Chen, C.H.; Chancellor, M.B.; Chuang, Y.C. Prospective, Randomized, Double-blind, Placebo-controlled, Pilot Study
of Extracorporeal Shock Wave Therapy for Detrusor Underactivity /Underactive Bladder. Eur. Urol. Focus. 2023, 9, 524-530.
[CrossRef]

Gammie, A.; Kaper, M; Steup, A.; Yoshida, S.; Dorrepaal, C.; Kos, T.; Abrams, P. Signs and symptoms that distinguish detrusor
underactivity from mixed detrusor underactivity and bladder outlet obstruction in male patients. Neurourol. Urodyn. 2018, 37,
1501-1505. [CrossRef]

Chan, G.; Qu, L.G.; Gani, J. Urodynamic findings in patients with nocturia and their associations with patient characteristics. Can.
Urol. Assoc. J. 2022, 16, E455-E460. [CrossRef] [PubMed]


https://doi.org/10.1016/j.yexmp.2019.104304
https://doi.org/10.1152/ajprenal.00178.2019
https://doi.org/10.1016/S0022-5347(06)00582-9
https://doi.org/10.1111/luts.12025
https://www.ncbi.nlm.nih.gov/pubmed/26663553
https://doi.org/10.1345/aph.1R172
https://www.ncbi.nlm.nih.gov/pubmed/22828972
https://doi.org/10.1080/03008880410015426
https://doi.org/10.1002/nau.23260
https://doi.org/10.1111/luts.12356
https://www.ncbi.nlm.nih.gov/pubmed/33029933
https://doi.org/10.1111/iju.14823
https://www.ncbi.nlm.nih.gov/pubmed/35144311
https://doi.org/10.4111/icu.2017.58.4.247
https://doi.org/10.1016/S0090-4295(96)00038-6
https://doi.org/10.1016/S0022-5347(05)65862-4
https://doi.org/10.1016/S0022-5347(05)64846-X
https://doi.org/10.1016/S0302-2838(03)00060-5
https://doi.org/10.1016/j.urology.2006.11.019
https://doi.org/10.4111/kju.2012.53.5.342
https://www.ncbi.nlm.nih.gov/pubmed/22670194
https://doi.org/10.5213/inj.2015.19.3.185
https://doi.org/10.1016/j.eururo.2015.08.014
https://www.ncbi.nlm.nih.gov/pubmed/26318706
https://doi.org/10.4111/icu.2016.57.6.437
https://www.ncbi.nlm.nih.gov/pubmed/27847918
https://doi.org/10.1016/j.eururo.2017.03.045
https://doi.org/10.1111/iju.14121
https://doi.org/10.1097/JU.0000000000000616
https://doi.org/10.1002/nau.25044
https://doi.org/10.1016/j.euf.2022.11.011
https://doi.org/10.1002/nau.23492
https://doi.org/10.5489/cuaj.7792
https://www.ncbi.nlm.nih.gov/pubmed/35426788

Int. J. Mol. Sci. 2023, 24, 15517 23 of 26

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Takahashi, R.; Takei, M.; Namitome, R.; Yamaguchi, O.; Eto, M. Symptoms and noninvasive test parameters that clinically
differentiate detrusor underactivity from bladder outlet obstruction without a pressure-flow-based diagnosis in men with lower
urinary tract symptoms. Neurourol. Urodyn. 2021, 40, 303-309. [CrossRef]

Kim, A; Park, Y.J.; Heo, K.O.; Choi, W.S,; Park, H.K ; Paick, S.H.; Choo, M.S.; Kim, H.G. Novel symptom questionnaire for the
differential diagnosis of detrusor underactivity and bladder outlet obstruction in men. Aging Male 2019, 22, 150-155. [CrossRef]
[PubMed]

Szmydki, D.; Burzynski, B.; Sottysiak-Gibata, Z.; Przymuszala, P.; Trzewik, M.; Chudek, J.; Owczarek, A.J. Prediction of detrusor
underactivity based on non-invasive functional tests and clinical data in patients with symptoms of bladder outlet obstruction.
Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 10992-10998. [CrossRef]

Yoldas, M. Non-invasive diagnosis of under active bladder: A pilot study. Arch. Ital. Urol. Androl. 2022, 94, 51-56. [CrossRef]
[PubMed]

Oelke, M.; Rademakers, K.L.; van Koeveringe, G.A. Unravelling detrusor underactivity: Development of a bladder outlet
resistance-Bladder contractility nomogram for adult male patients with lower urinary tract symptoms. Neurourol. Urodyn. 2016,
35, 980-986. [CrossRef]

Wada, N.; Watanabe, M.; Ishikawa, M.; Takeuchi, K.; Miyauchi, K.; Abe, N.; Banjo, H.; Kita, M.; Kakizaki, H. Uroflowmetry
pattern in detrusor underactivity and bladder outlet obstruction in male patients with lower urinary tract symptoms. Low. Urin.
Tract. Symptoms 2021, 13, 361-365. [CrossRef] [PubMed]

Matsukawa, Y.; Kameya, Y.; Takahashi, T.; Shimazu, A.; Ishida, S.; Yamada, M.; Sassa, N.; Yamamoto, T. Characteristics of
uroflowmetry patterns in men with detrusor underactivity revealed by artificial intelligence. Int. |. Urol. 2023, 30, 907-912.
[CrossRef]

Bang, S.; Tukhtaev, S.; Ko, K.J.; Han, D.H.; Baek, M.; Jeon, H.G.; Cho, B.H.; Lee, K.S. Feasibility of a deep learning-based diagnostic
platform to evaluate lower urinary tract disorders in men using simple uroflowmetry. Investig. Clin. Urol. 2022, 63, 301-308.
[CrossRef] [PubMed]

Matsukawa, Y.; Kameya, Y.; Takahashi, T.; Shimazu, A.; Ishida, S.; Yamada, M.; Sassa, N.; Yamamoto, T. Development of an
artificial intelligence diagnostic system for lower urinary tract dysfunction in men. Int. J. Urol. 2021, 28, 1143-1148. [CrossRef]
De Nunzio, C.; Lombardo, R.; Cicione, A.; Trucchi, A.; Carter, S.; Tema, G.; Nacchia, A.; Vicentini, C.; Tubaro, A. The role of
bladder wall thickness in the evaluation of detrusor underactivity: Development of a clinical nomogram. Neurourol. Urodyn. 2020,
39, 1115-1123. [CrossRef] [PubMed]

Rademakers, K.L.; van Koeveringe, G.A.; Oelke, M. Ultrasound detrusor wall thickness measurement in combination with
bladder capacity can safely detect detrusor underactivity in adult men. World J. Urol. 2017, 35, 153-159. [CrossRef] [PubMed]
Lee, ].; Yoo, S.; Cho, M.C.; Jeong, H.; Choo, M.S.; Son, H. Significance of a decrease in the proportion of detrusor muscle to bladder
wall for non-invasive diagnosis of detrusor underactivity in men with lower urinary tract symptoms. Sci. Rep. 2022, 12, 5237.
[CrossRef]

Pell, B.; Thomas-Jones, E.; Bray, A.; Agarwal, R.; Ahmed, H.; Allen, A.J.; Clarke, S.; Deeks, J.J.; Drake, M.; Drinnan, M.; et al.
PRImary care Management of lower Urinary tract Symptoms in men: Protocol for development and validation of a diagnostic
and clinical decision support tool (the PriMUS study). BM] Open 2020, 10, e037634. [CrossRef] [PubMed]

Chapple, C.R.; Osman, N.I. Underactive Bladder Versus Bladder Outlet Obstruction: Don’t Get Tricked! Eur. Urol. Focus. 2022, 8,
388-390. [CrossRef]

Jiang, Y.H.; Jhang, J.F.; Wu, Y.H.; Kuo, H.C. Investigating Urine Biomarkers in Detrusor Underactivity and Detrusor Overactivity
with Detrusor Underactivity Patients. Biomedicines 2023, 11, 1191. [CrossRef]

Krishnan, A.; Sharma, G.; Devana, S.K.; Zohmangaihi, D.; Mavuduru, R.S.; Mandal, A K.; Sharma, A.P; Bora, G.S. Urinary
adenosine triphosphate and nitric oxide levels in patients with underactive bladder: A preliminary study. World J. Urol. 2021, 39,
4421-4425. [CrossRef]

Ishikawa, T.; Matsukawa, Y.; Naito, Y.; Ishida, S.; Majima, T.; Gotoh, M. Adiponectin can be a good predictor of urodynamic
detrusor underactivity: A prospective study in men with lower urinary tract symptoms. World J. Urol. 2023, 41, 1117-1124.
[CrossRef]

Majima, T.; Funahashi, Y.; Matsukawa, Y.; Inoue, S.; Sassa, N.; Kato, M.; Yamamoto, T.; Gotoh, M. Investigation of the relationship
between bladder function and sarcopenia using pressure flow studies in elderly male patients. Neurourol. Urodyn. 2019, 38,
1417-1422. [CrossRef]

Chen, S.F,; Jiang, Y.H.; Kuo, H.C. Urinary biomarkers in patients with detrusor underactivity with and without bladder function
recovery. Int. Urol. Nephrol. 2017, 49, 1763-1770. [CrossRef]

Drake, M.].; Kanai, A.; Bijos, D.A.; Ikeda, Y.; Zabbarova, I.; Vahabi, B.; Fry, C.H. The potential role of unregulated autonomous
bladder micromotions in urinary storage and voiding dysfunction; overactive bladder and detrusor underactivity. BJU Int. 2017,
119, 22-29. [CrossRef] [PubMed]

Barbalias, G.A.; Klauber, G.T.; Blaivas, J.G. Critical evaluation of the Credé maneuver: A urodynamic study of 207 patients. J.
Urol. 1983, 130, 720-723. [CrossRef] [PubMed]

El Akri, M.; Brochard, C.; Hascoet, J.; Jezequel, M.; Alimi, Q.; Khene, Z.E.; Richard, C.; Bonan, I.; Kerdraon, J.; Gamé, X.; et al.
Risk of prolapse and urinary complications in adult spina bifida patients with neurogenic acontractile detrusor using clean
intermittent catheterization versus Valsalva voiding. Neurourol. Urodyn. 2019, 38, 269-277. [CrossRef]


https://doi.org/10.1002/nau.24558
https://doi.org/10.1080/13685538.2018.1481941
https://www.ncbi.nlm.nih.gov/pubmed/29985721
https://doi.org/10.26355/eurrev_202011_23583
https://doi.org/10.4081/aiua.2022.1.51
https://www.ncbi.nlm.nih.gov/pubmed/35352525
https://doi.org/10.1002/nau.22841
https://doi.org/10.1111/luts.12377
https://www.ncbi.nlm.nih.gov/pubmed/33648017
https://doi.org/10.1111/iju.15233
https://doi.org/10.4111/icu.20210434
https://www.ncbi.nlm.nih.gov/pubmed/35437961
https://doi.org/10.1111/iju.14661
https://doi.org/10.1002/nau.24327
https://www.ncbi.nlm.nih.gov/pubmed/32110842
https://doi.org/10.1007/s00345-016-1902-7
https://www.ncbi.nlm.nih.gov/pubmed/27447991
https://doi.org/10.1038/s41598-022-09302-w
https://doi.org/10.1136/bmjopen-2020-037634
https://www.ncbi.nlm.nih.gov/pubmed/32606065
https://doi.org/10.1016/j.euf.2022.03.015
https://doi.org/10.3390/biomedicines11041191
https://doi.org/10.1007/s00345-021-03784-5
https://doi.org/10.1007/s00345-023-04341-y
https://doi.org/10.1002/nau.24001
https://doi.org/10.1007/s11255-017-1666-z
https://doi.org/10.1111/bju.13598
https://www.ncbi.nlm.nih.gov/pubmed/27444952
https://doi.org/10.1016/S0022-5347(17)51423-8
https://www.ncbi.nlm.nih.gov/pubmed/6887405
https://doi.org/10.1002/nau.23844

Int. J. Mol. Sci. 2023, 24, 15517 24 of 26

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Ladi-Seyedian, S.; Kajbafzadeh, A.M.; Sharifi-Rad, L.; Shadgan, B.; Fan, E. Management of non-neuropathic underactive bladder
in children with voiding dysfunction by animated biofeedback: A randomized clinical trial. Urology 2015, 85, 205-210. [CrossRef]
[PubMed]

Hartigan, S.M.; Dmochowski, R.R. The inFlow intraurethral valve-pump for women with detrusor underactivity: A summary of
peer-reviewed literature. J. Spinal Cord. Med. 2022, 45, 489-497. [CrossRef]

Barendrecht, M.M.; Oelke, M.; Laguna, M.P.; Michel, M.C. Is the use of parasympathomimetics for treating an underactive urinary
bladder evidence-based? BJU Int. 2007, 99, 749-752. [CrossRef]

Osman, N.I; Chapple, C.R. Are There Pharmacotherapeutic Options for Underactive Bladder? Eur. Urol. Focus. 2018, 4, 6-7.
[CrossRef]

Moro, C.; Phelps, C.; Veer, V.; Clark, ].; Glasziou, P.; Tikkinen, K.A.O.; Scott, A.M. The effectiveness of parasympathomimetics for
treating underactive bladder: A systematic review and meta-analysis. Neurourol. Urodyn. 2022, 41, 127-139. [CrossRef]

van Till, JW.O.; Arita, E.; Kuroishi, K.; Croy, R.; Oelke, M.; van Koeveringe, G.A.; Chapple, C.R.; Yamaguchi, O.; Abrams, P.
Muscarinic-3-receptor positive allosteric modulator ASP8302 in patients with underactive bladder. A randomized controlled trial.
Neurourol. Urodyn. 2022, 41, 1139-1148. [CrossRef]

Singh, N.; Mizoguchi, S.; Suzuki, T.; Zabbarova, L; Ikeda, Y.; Kanai, A.; Chermansky, C.; Yoshimura, N.; Tyagi, P. Excitatory effect
of acotiamide on rat and human bladder: Implications for underactive bladder treatment. Life Sci. 2020, 258, 118179. [CrossRef]
[PubMed]

Sugimoto, K.; Akiyama, T.; Shimizu, N.; Matsumura, N.; Hayashi, T.; Nishioka, T.; Uemura, H. A pilot study of acotiamide
hydrochloride hydrate in patients with detrusor underactivity. Res. Rep. Urol. 2015, 7, 81-83. [CrossRef]

Pattanaik, S.; Mavuduru, R.S.; Panda, A.; Mathew, J.L.; Agarwal, M.M.; Hwang, E.C.; Lyon, J.A.; Singh, S.K.; Mandal, A K.
Phosphodiesterase inhibitors for lower urinary tract symptoms consistent with benign prostatic hyperplasia. BJU Int. 2019, 124,
27-34. [CrossRef] [PubMed]

Matsukawa, Y.; Majima, T.; Funahashi, Y.; Fujita, T.; Ishida, S.; Kato, M.; Gotoh, M. Effects of tadalafil versus silodosin on voiding
function in male patients with non-neurogenic detrusor underactivity: A comparative study using propensity score matching.
Int. J. Urol. 2021, 28, 411-416. [CrossRef]

Takaoka, E.I.; Kurobe, M.; Suzuki, T.; Shimizu, N.; Kwon, J.; Okada, H.; Yoshimura, N.; Chermansky, C.J. Urethral dysfunction
and therapeutic effects of a PDE 5 inhibitor (tadalafil) in a rat model of detrusor underactivity induced by pelvic nerve crush
injury. Neurourol. Urodyn. 2020, 39, 916-925. [CrossRef]

Nomiya, M.; Burmeister, D.M.; Sawada, N.; Campeau, L.; Zarifpour, M.; Keys, T.; Peyton, C.; Yamaguchi, O.; Andersson, K.E.
Prophylactic effect of tadalafil on bladder function in a rat model of chronic bladder ischemia. J. Urol. 2013, 189, 754-761.
[CrossRef] [PubMed]

Morelli, A.; Sarchielli, E.; Comeglio, P.; Filippi, S.; Mancina, R.; Gacci, M.; Vignozzi, L.; Carini, M.; Vannelli, G.B.; Maggi, M.
Phosphodiesterase type 5 expression in human and rat lower urinary tract tissues and the effect of tadalafil on prostate gland
oxygenation in spontaneously hypertensive rats. J. Sex. Med. 2011, 8, 2746-2760. [CrossRef]

Vignozzi, L.; Gacci, M.; Cellai, I.; Morelli, A.; Maneschi, E.; Comeglio, P; Santi, R.; Filippi, S.; Sebastianelli, A.; Nesi, G.; et al.
PDES5 inhibitors blunt inflammation in human BPH: A potential mechanism of action for PDE5 inhibitors in LUTS. Prostate 2013,
73,1391-1402. [CrossRef]

Yoshida, M.; Gotoh, M.; Yokoyama, O.; Kakizaki, H.; Yamanishi, T.; Yamaguchi, O. Efficacy of TAC-302 for patients with detrusor
underactivity and overactive bladder: A randomized, double-blind, placebo-controlled phase 2 study. World J. Urol. 2022, 40,
2799-2805. [CrossRef]

Deruyver, Y.; Weyne, E.; Dewulf, K.; Rietjens, R.; Pinto, S.; Van Ranst, N.; Franken, J.; Vanneste, M.; Albersen, M.; Gevaert, T.; et al.
Intravesical Activation of the Cation Channel TRPV4 Improves Bladder Function in a Rat Model for Detrusor Underactivity. Eur.
Urol. 2018, 74, 336-345. [CrossRef] [PubMed]

Takaoka, E.I.; Kurobe, M.; Okada, H.; Takai, S.; Suzuki, T.; Shimizu, N.; Kwon, J.; Nishiyama, H.; Yoshimura, N.; Chermansky, C.J.
Effect of TRPV4 activation in a rat model of detrusor underactivity induced by bilateral pelvic nerve crush injury. Neurourol.
Urodyn. 2018, 37, 2527-2534. [CrossRef] [PubMed]

Matsuya, H.; Sekido, N.; Kida, J.; Mashimo, H.; Wakamatsu, D.; Okada, H. Effects of an EP2 and EP3 Receptor Dual Agonist,
ONO-8055, on a Radical Hysterectomy-Induced Underactive Bladder Model in Monkeys. Low. Urin. Tract. Symptoms 2018, 10,
204-211. [CrossRef]

Sekido, N.; Kida, J.; Mashimo, H.; Wakamatsu, D.; Okada, H.; Matsuya, H. Promising Effects of a Novel EP2 and EP3 Receptor
Dual Agonist, ONO-8055, on Neurogenic Underactive Bladder in a Rat Lumbar Canal Stenosis Model. J. Urol. 2016, 196, 609-616.
[CrossRef]

Kullmann, EA.; Wells, G.I,; McKenna, D.; Thor, K.B. Excitatory effects of bombesin receptors in urinary tract of normal and
diabetic rats in vivo. Life Sci. 2014, 100, 35-44. [CrossRef]

Chang, H.H.; Havton, L.A. Serotonergic 5-HT(1A) receptor agonist (8-OH-DPAT) ameliorates impaired micturition reflexes in
a chronic ventral root avulsion model of incomplete cauda equina/conus medullaris injury. Exp. Neurol. 2013, 239, 210-217.
[CrossRef] [PubMed]

Gratzke, C,; Streng, T.; Stief, C.G.; Downs, T.R.; Alroy, I.; Rosenbaum, J.S.; Andersson, K.E.; Hedlund, P. Effects of cannabinor, a
novel selective cannabinoid 2 receptor agonist, on bladder function in normal rats. Eur. Urol. 2010, 57, 1093-1100. [CrossRef]


https://doi.org/10.1016/j.urology.2014.09.025
https://www.ncbi.nlm.nih.gov/pubmed/25444633
https://doi.org/10.1080/10790268.2020.1829415
https://doi.org/10.1111/j.1464-410X.2006.06742.x
https://doi.org/10.1016/j.euf.2018.03.012
https://doi.org/10.1002/nau.24839
https://doi.org/10.1002/nau.24931
https://doi.org/10.1016/j.lfs.2020.118179
https://www.ncbi.nlm.nih.gov/pubmed/32758626
https://doi.org/10.2147/RRU.S83309
https://doi.org/10.1111/bju.14689
https://www.ncbi.nlm.nih.gov/pubmed/30681264
https://doi.org/10.1111/iju.14481
https://doi.org/10.1002/nau.24310
https://doi.org/10.1016/j.juro.2012.07.141
https://www.ncbi.nlm.nih.gov/pubmed/22982422
https://doi.org/10.1111/j.1743-6109.2011.02416.x
https://doi.org/10.1002/pros.22686
https://doi.org/10.1007/s00345-022-04163-4
https://doi.org/10.1016/j.eururo.2018.05.020
https://www.ncbi.nlm.nih.gov/pubmed/29875065
https://doi.org/10.1002/nau.23790
https://www.ncbi.nlm.nih.gov/pubmed/30095183
https://doi.org/10.1111/luts.12166
https://doi.org/10.1016/j.juro.2016.02.064
https://doi.org/10.1016/j.lfs.2014.01.071
https://doi.org/10.1016/j.expneurol.2012.10.015
https://www.ncbi.nlm.nih.gov/pubmed/23099413
https://doi.org/10.1016/j.eururo.2010.02.027

Int. J. Mol. Sci. 2023, 24, 15517 25 of 26

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Coolen, R.L.; Groen, J.; Stillebroer, A.B.; Scheepe, ].R.; Witte, L.P.W.; Blok, B.F.M. Two-Staged Sacral Neuromodulation for the
Treatment of Nonobstructive Urinary Retention: A Multicenter Study Assessing Predictors of Success. Neuromodulation 2022.
online ahead of print. [CrossRef] [PubMed]

Chan, G.; Qu, L.G.; Gani, J. Evaluation of pre-operative bladder contractility as a predictor of improved response rate to a staged
trial of sacral neuromodulation in patients with detrusor underactivity. World . Urol. 2021, 39, 2113-2119. [CrossRef] [PubMed]
Rademakers, K.L.; Drossaerts, ].M.; van Kerrebroeck, P.E.; Oelke, M.; van Koeveringe, G.A. Prediction of sacral neuromodulation
treatment success in men with impaired bladder emptying-time for a new diagnostic approach. Neurourol. Urodyn. 2017, 36,
808-810. [CrossRef]

Onur, R;; Tayebi, S.; Salehi-Pourmehr, H.; Jahantabi, E.; Perrouin-Verbe, M. A.; Naseri, C.; Hajebrahimi, S.; Hashim, H. Sacral
neuromodulation in patients with detrusor underactivity: Is biological sex an indicator? Neurourol. Urodyn. 2022, 41, 847-859.
[CrossRef] [PubMed]

Deng, H.; Liao, L.; Wu, J.; Chen, G.; Li, X.; Wang, Z.; Wan, L. Clinical efficacy of intravesical electrical stimulation on detrusor
underactivity: 8 Years of experience from a single center. Medicine 2017, 96, €8020. [CrossRef]

Liao, L.; Deng, H.; Chen, G.; Chen, H.; Huang, M.; Xie, K.; Wei, X.; Xu, Z.; Huang, B.; Chong, T; et al. Randomized controlled trial
of intravesical electrical stimulation for underactive bladder. BJU Int. 2023, 131, 321-329. [CrossRef] [PubMed]

Deng, H.; Liao, L.; Li, X,; Liu, Q.; Wang, X.; Zhou, Z. Effects of Intravesical Electrical Stimulation on Urinary Adenosine
Triphosphate and Nitric Oxide in Rats with Detrusor Underactivity Induced by Bilateral Pelvic Nerve Crush Injury: The Possible
Underlying Mechanism. Int. Neurourol. J. 2022, 26, 288-298. [CrossRef]

Kajbafzadeh, A.M.; Sharifi-Rad, L.; Ladi-Seyedian, S.S.; Mozafarpour, S. Transcutaneous interferential electrical stimulation for
the management of non-neuropathic underactive bladder in children: A randomised clinical trial. BJU Int. 2016, 117, 793-800.
[CrossRef]

Theisen, K.; Browning, J.; Li, X.; Li, S.; Shen, B.; Wang, J.; Roppolo, J.R.; de Groat, W.C.; Tai, C. Frequency Dependent Tibial
Neuromodulation of Bladder Underactivity and Overactivity in Cats. Neuromodulation 2018, 21, 700-706. [CrossRef]

Wang, F.; Mi, S.B.; Guo, H.P. Exploring the Effect of Bladder Functional Training Combined with Repetitive Sacral Root Magnetic
Stimulation in the Treatment of Neurogenic Bladder. World Neurosurg 2023, 177, e440—e445. [CrossRef] [PubMed]

Liu, X,; Liu, K.; Zhi, M.; Mo, Q.; Gao, X.; Liu, Z. Effects of electroacupuncture at BL33 on detrusor smooth muscle activity in a rat
model of urinary retention. Acupunct. Med. 2017, 35, 437—-444. [CrossRef] [PubMed]

Chen, PY,; Cheng, ].H.; Wu, Z.S.; Chuang, Y.C. New Frontiers of Extracorporeal Shock Wave Medicine in Urology from Bench to
Clinical Studies. Biomedicines 2022, 10, 675. [CrossRef]

Chuang, Y.C.; Tyagi, P; Wang, H.J.; Huang, C.C.; Lin, C.C.; Chancellor, M.B. Urodynamic and molecular characteristics of detrusor
underactivity in a rat cryoinjury model and effects of low energy shock wave therapy. Neurourol. Urodyn. 2018, 37, 708-715.
[CrossRef]

Chuang, Y.C.; Tyagi, P; Luo, H.L.; Lee, W.C.; Wang, H.].; Huang, C.C.; Chancellor, M.B. Long-term functional change of
cryoinjury-induced detrusor underactivity and effects of extracorporeal shock wave therapy in a rat model. Int. Urol. Nephrol.
2019, 51, 617-626. [CrossRef] [PubMed]

Wang, H.S.; Oh, B.S.; Wang, B.; Ruan, Y.; Zhou, J.; Banie, L.; Lee, Y.C.; Tamaddon, A.; Zhou, T.; Wang, G.; et al. Low-intensity
extracorporeal shockwave therapy ameliorates diabetic underactive bladder in streptozotocin-induced diabetic rats. BJU Int.
2018, 122, 490-500. [CrossRef]

Forte, A.].; Boczar, D.; Huayllani, M.T.; Moran, S.; Okanlami, O.O.; Ninkovic, M.; Broer, PN. Latissimus dorsi detrusor myoplasty
for bladder acontractility: A systematic review. Arch. Plast. Surg. 2021, 48, 528-533. [CrossRef] [PubMed]

Agarwal, P; Husain, S.; Wankhede, S.; Sharma, D. Rectus abdominis detrusor myoplasty (RADM) for acontractile /hypocontractile
bladder in spinal cord injury patients: Preliminary report. J. Plast. Reconstr. Aesthet. Surg. 2018, 71, 736-742. [CrossRef]
Thorner, D.A.; Blaivas, ].G.; Tsui, ].F,; Kashan, M.Y.; Weinberger, ].M.; Weiss, ].P. Outcomes of reduction cystoplasty in men with
impaired detrusor contractility. Urology 2014, 83, 882-886. [CrossRef]

Lin, H.; Hou, C. Transfer of normal S1 nerve root to reinnervate atonic bladder due to conus medullaris injury. Muscle Nerve 2013,
47,241-245. [CrossRef] [PubMed]

Teraoka, S.; Honda, M.; Makishima, K.; Shimizu, R.; Tsounapi, P.; Yumioka, T.; Iwamoto, H.; Li, P; Morizane, S.; Hikita, K,;
et al. Early effects of adipose-derived stem cell sheets against detrusor underactivity in a rat cryo-injury model. Life Sci. 2022,
301, 120604. [CrossRef] [PubMed]

Shin, J.H.; Ryu, C.M.; Ju, H.; Yu, H.Y,; Song, S.; Hong, K.S.; Chung, H.M.; Park, J.; Shin, D.M.; Choo, M.S. Therapeutic Efficacy of
Human Embryonic Stem Cell-Derived Multipotent Stem /Stromal Cells in Diabetic Detrusor Underactivity: A Preclinical Study. J.
Clin. Med. 2020, 9, 2853. [CrossRef]

Yu, H.Y,; Shin, ].H,; Yun, H.; Ryu, C.M.; Lee, S.; Heo, J.; Lim, J.; Park, J.; Hong, K.S.; Chung, H.M.; et al. A Preclinical Study of
Human Embryonic Stem Cell-Derived Mesenchymal Stem Cells for Treating Detrusor Underactivity by Chronic Bladder Ischemia.
Stem Cell Rev. Rep. 2021, 17, 2139-2152. [CrossRef]

Sun, B.; Dong, X.; Zhao, J.; Yang, Z.; Zhang, Y.; Li, L. Differentiation of human urine-derived stem cells into interstitial cells of
Cajal-like cells by exogenous gene modification: A preliminary study. Biochem. Biophys. Res. Commun. 2020, 523, 10-17. [CrossRef]


https://doi.org/10.1016/j.neurom.2022.04.042
https://www.ncbi.nlm.nih.gov/pubmed/35690510
https://doi.org/10.1007/s00345-020-03380-z
https://www.ncbi.nlm.nih.gov/pubmed/32725304
https://doi.org/10.1002/nau.23010
https://doi.org/10.1002/nau.24893
https://www.ncbi.nlm.nih.gov/pubmed/35181913
https://doi.org/10.1097/MD.0000000000008020
https://doi.org/10.1111/bju.15885
https://www.ncbi.nlm.nih.gov/pubmed/36084065
https://doi.org/10.5213/inj.2244162.081
https://doi.org/10.1111/bju.13207
https://doi.org/10.1111/ner.12792
https://doi.org/10.1016/j.wneu.2023.06.072
https://www.ncbi.nlm.nih.gov/pubmed/37356478
https://doi.org/10.1136/acupmed-2016-011355
https://www.ncbi.nlm.nih.gov/pubmed/29109130
https://doi.org/10.3390/biomedicines10030675
https://doi.org/10.1002/nau.23381
https://doi.org/10.1007/s11255-019-02095-4
https://www.ncbi.nlm.nih.gov/pubmed/30796726
https://doi.org/10.1111/bju.14216
https://doi.org/10.5999/aps.2021.00402
https://www.ncbi.nlm.nih.gov/pubmed/34583440
https://doi.org/10.1016/j.bjps.2017.12.015
https://doi.org/10.1016/j.urology.2013.10.068
https://doi.org/10.1002/mus.23507
https://www.ncbi.nlm.nih.gov/pubmed/23168676
https://doi.org/10.1016/j.lfs.2022.120604
https://www.ncbi.nlm.nih.gov/pubmed/35526593
https://doi.org/10.3390/jcm9092853
https://doi.org/10.1007/s12015-021-10204-z
https://doi.org/10.1016/j.bbrc.2019.09.121

Int. J. Mol. Sci. 2023, 24, 15517 26 of 26

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Feng, J.; Gao, J.; Zhou, S; Liu, Y.; Zhong, Y.; Shu, Y.; Meng, M.S; Yan, J.; Sun, D.; Fang, Q.; et al. Role of stem cell factor in the
regulation of ICC proliferation and detrusor contraction in rats with an underactive bladder. Mol. Med. Rep. 2017, 16, 1516-1522.
[CrossRef]

Shin, J.H.; Ryu, C.M.; Yu, H.Y,; Shin, D.M.; Choo, M.S. Current and Future Directions of Stem Cell Therapy for Bladder
Dysfunction. Stem Cell Rev. Rep. 2020, 16, 82-93. [CrossRef] [PubMed]

Levanovich, P.E.; Diokno, A.; Hasenau, D.L.; Lajiness, M.; Pruchnic, R.; Chancellor, M.B. Intradetrusor injection of adult
muscle-derived cells for the treatment of underactive bladder: Pilot study. Int. Urol. Nephrol. 2015, 47, 465-467. [CrossRef]
[PubMed]

Gilleran, J.; Diokno, A.C.; Ward, E.; Sirls, L.; Hasenau, D.; Giordano, J.; Shea, E.; Bartolone, S.N.; Lamb, L.E.; Chancellor, M.B.
Improved global response outcome after intradetrusor injection of adult muscle-derived cells for the treatment of underactive
bladder. Int. Urol. Nephrol. 2021, 53, 1331-1338. [CrossRef] [PubMed]

Coelho, H.R.S.; Neves, S.C.D.; Menezes, J.; Antoniolli-Silva, A.; Oliveira, R.J. Mesenchymal Stromal Cell Therapy Reverses
Detrusor Hypoactivity in a Chronic Kidney Patient. Biomedicines 2023, 11, 218. [CrossRef]

Coelho, H.R.S.; Neves, S.C.D.; da Silva Menezes, ].N.; Antoniolli-Silva, A.; Oliveira, R.J. Autologous adipose-derived mesenchymal
stem cell therapy reverses detrusor underactivity: Open clinical trial. Stem Cell Res. Ther. 2023, 14, 64. [CrossRef]

Lee, ].H,; Jang, TM.; Shin, ] W.; Lim, B.H.; Rajaram, K.; Han, W.B.; Ko, G.J.; Yang, S.M.; Han, S.; Kim, D.J.; et al. Wireless, Fully
Implantable and Expandable Electronic System for Bidirectional Electrical Neuromodulation of the Urinary Bladder. ACS Nano
2023, 17, 8511-8520. [CrossRef]

Yang, Y.; Wang, J.; Wang, L.; Wu, Q.; Ling, L.; Yang, Y,; Ning, S.; Xie, Y.; Cao, Q.; Li, L.; et al. Magnetic soft robotic bladder for
assisted urination. Sci. Adv. 2022, 8, eabq1456. [CrossRef] [PubMed]

Peh, W.Y.X.; Raczkowska, M.N.; Teh, Y.; Alam, M.; Thakor, N.V.; Yen, S.C. Closed-loop stimulation of the pelvic nerve for optimal
micturition. J. Neural Eng. 2018, 15, 066009. [CrossRef]

Holmes-Martin, K.; Zhu, M.; Xiao, S.; Arab Hassani, F. Advances in Assistive Electronic Device Solutions for Urology. Microma-
chines 2022, 13, 551. [CrossRef]

Dewulf, K.; Abraham, N.; Lamb, L.E.; Griebling, T.L.; Yoshimura, N.; Tyagi, P.; Veerecke, A.; Bartolone, S.N.; Zwaans, BM.M,;
De Ridder, D.; et al. Addressing challenges in underactive bladder: Recommendations and insights from the Congress on
Underactive Bladder (CURE-UAB). Int. Urol. Nephrol. 2017, 49, 777-785. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3892/mmr.2017.6749
https://doi.org/10.1007/s12015-019-09922-2
https://www.ncbi.nlm.nih.gov/pubmed/31758372
https://doi.org/10.1007/s11255-015-0924-1
https://www.ncbi.nlm.nih.gov/pubmed/25663053
https://doi.org/10.1007/s11255-021-02847-1
https://www.ncbi.nlm.nih.gov/pubmed/33840007
https://doi.org/10.3390/biomedicines11010218
https://doi.org/10.1186/s13287-023-03294-8
https://doi.org/10.1021/acsnano.3c00755
https://doi.org/10.1126/sciadv.abq1456
https://www.ncbi.nlm.nih.gov/pubmed/36001667
https://doi.org/10.1088/1741-2552/aadee9
https://doi.org/10.3390/mi13040551
https://doi.org/10.1007/s11255-017-1549-3
https://www.ncbi.nlm.nih.gov/pubmed/28233085

	Introduction 
	Terminology and Definitions 
	Epidemiology 
	Etiology 
	Neurogenic 
	Myogenic 
	Idiopathic 
	Other 

	Diagnosis 
	Diagnostic Criteria for DU 
	Non-Invasive Diagnosis of UAB 
	Laboratory Diagnosis 

	Therapy 
	Conservative Treatments 
	Pharmacotherapy 
	Parasympathomimetics 
	Phosphodiesterase 5 Inhibitors (PDE5is) 
	Novel Drugs 

	Electrical Stimulation 
	Sacral Neuromodulation (SNM) 
	Intravesical Electrical Stimulation (IVES) 
	Others 

	Extracorporeal Shock Wave Therapy (ESWT) 
	Surgery 
	Latissimus Dorsi Detrusor Myoplasty (LDDM) 
	Others 

	Stem Cell Therapy 
	Bladder Replacement Alternatives 

	Future Directions and Prospects 
	Materials and Methods 
	Limitations 
	Conclusions 
	References

