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Abstract

Aims—Adults with pelvic floor disorders commonly present with overlapping bladder and bowel 

symptoms; however, the relationship between urinary and defecatory dysfunction is not well 

understood. Our aim was to compare and determine if overlapping brain regions are activated 

during bladder filling and rectal distention in healthy adults.

Methods—We conducted separate Pubmed searches for neuroimaging studies investigating the 

effects of rectal distention and bladder filling on brain activation in healthy subjects. Coordinates 

of activated regions were extracted with cluster level threshold p<0.05 and compared using the 

activation likelihood estimate (ALE) approach. Results from the various studies were pooled and 

a contrast analysis was performed to identify any common areas of activation between bladder 

filling and rectal distension.

Results—We identified 96 foci of activation from 14 neuroimaging studies on bladder filling 

and 182 foci from 17 studies on rectal distension in healthy adults. Regions activated during 

bladder filling included right insula, right and left thalamus, and right periaqueductal grey. Regions 

activated during rectal distention included right and left insula, right and left thalamus, left 

postcentral gyrus, and right inferior parietal lobule. Contrast analysis revealed common activation 

of the right insula with both rectal distention and bladder filling.

Conclusion—Bladder filling and rectal distention activate several separate areas of the brain 

involved in sensory processing in healthy adults. The common activation of the insula, the region 

responsible for interoception, in these two conditions may offer an explanation for the coexistence 

of bladder and defecatory symptoms in pelvic floor disorders.
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Introduction

Subjects with pelvic floor disorders commonly present with overlapping bladder and bowel 

symptoms. Prior studies suggest that reported rates of overlap in adults with pelvic floor 

disorders is as high as 60% [1]. For example, urinary symptoms such as urgency, frequency, 

urinary incontinence, and sense of incomplete emptying are common in both men and 

women with constipation and fecal incontinence [1]. Urinary symptoms such as frequency, 

incontinence, and nocturia are also common in patients with irritable bowel syndrome (IBS) 

[2]. Similarly, bowel symptoms such as constipation and fecal incontinence are common 

in adults with urinary incontinence [3, 4]. However, the mechanism for why urinary and 

defecatory symptoms coexist in adults with pelvic floor disorders is not well understood. 

Proposed mechanisms include the physical proximity of the bladder and rectum, resulting in 

mechanical obstruction of one organ by the distention of the other; however, this model only 

explains coexistence of symptoms in conditions such as constipation. Some authors have 

suggested a potential neurologic basis for the coexistence of bowel and bladder symptoms, 

however, the precise mechanism has not been elucidated [1].

Sensory input from the bowel and bladder are processed in specific regions of the brain. 

A potential mechanism for overlapping urinary and bowel symptoms may be that afferent 

input from both rectal distension and bladder filling activates similar regions of the brain. 

An understanding of brain response to the processes of urine storage and rectal distention 

in healthy adults could advance our understanding of mechanisms of disease in patients 

suffering from pelvic floor disorders.

Various neuroimaging techniques have identified brain regions activated during bladder 

filling or rectal distention both in healthy subjects and in subjects with pathologic conditions 

such as irritable bowel syndrome and overactive bladder [5, 6]. In order to analyze 

neuroimaging data, the activation likelihood estimate (ALE) meta-analytic approach is often 

used. This method incorporates the brain coordinates from individual studies to determine 

the statistical probability of a brain region being activated during a specific task [7]. Prior 

studies using ALE approach have reported on brain regions activated in several conditions 

such as sleep disorders [8], depression [9], and irritable bowel syndrome [6]. Using ALE 

meta-analysis, we have previously reported on regions of the brain activated during bladder 

filling in healthy adults [10]. However, a contrast analysis in which regions of the brain 

activated during bladder and rectal filling are compared has not been performed.

The aim of our study was to identify and compare brain regions activated during bladder 

filling and rectal distention in healthy adults. We hypothesized that there would be areas 

of overlap between bladder filling and rectal distention that could account for the common 

occurrence of bowel and bladder symptomatology.

Materials and Methods

We conducted two separate searches in the PubMed database (https://www.ncbi.nlm.nih.gov/

pubmed/) from years 1990 to 2016 for neuroimaging studies using functional magnetic 

resonance imaging (fMRI), positron emission tomography (PET), or single photon emission 
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computed tomography (SPECT) scan that investigated the effects of rectal distention and 

bladder filling on brain activation in healthy subjects. In order to identify functional 

neuroimaging studies of rectal distention, the keywords “rectal distention”, “rectal filling”, 

“rectal stimulation”, “defecation” and “brain”, “brain activity”, and “cerebral activation” 

were combined with “MRI”, “PET, or “brain imaging”. For bladder filling, the keywords 

“bladder filling”, “micturition”, “brain”, and “cerebral activation” were combined with 

“MRI”, “PET”, and “SPECT”. Abstracts of the retrieved results were reviewed for 

relevance, and bibliographies were reviewed to ensure all pertinent studies were included. 

Inclusion criteria were studies with 1) healthy human subjects age >18 years that were 

imaged during rectal distention and bladder filling; 2) coordinates differentiating between 

empty bladder and full bladder and empty rectum and full rectum reported in a standard 

reference space (i.e., Talairach or Montreal Neurological Institute). Neuroimaging studies 

in disease (such as irritable bowel syndrome or interstitial cystitis) were only included if 

brain coordinates were reported separately for the healthy (control) group. Our exclusion 

criteria were 1) case reports, review articles, book chapters, letters to the editor, and 

studies published in non-English languages 2) studies that did not report the numerical 

coordinates of the activated brain regions and 3) studies in which bladder or rectal filling 

was associated with an additional task (such as concurrent auditory stimulation or injection 

of an intravenous medication).

The preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow 

diagram for studies on bladder filling is outlined in Figure 1 and for rectal distension in 

Figure 2. In the included studies of bladder filling, bladder filling was conducted via a 

transurethral catheter in 9 studies [11–19], oral intake in 4 studies [20–23], and diuretic 

injection in 1 study [24]. In studies involving rectal filling, the rectum was distended using 

a rectal balloon on the end of a catheter that was inflated via pressure-controlled barostat in 

14 studies [25–38], mechanical air balloon inflation in 1 study [39], or manual inflation in 2 

studies [40, 41].

In neuroimaging studies, brain coordinates are reported using x, y, z coordinates in standard 

stereotaxic space in millimeters for the maximally significantly activated voxel where x is 

the lateral displacement from the midline, y is the anterior-posterior displacement relative 

to the anterior commissure, z is the vertical displacement relative to the anterior-posterior 

commissure line. In brief, Activation Likelihood Estimation (ALE) is a method of meta-

analysis that accumulates coordinates from separate neuroimaging studies and synthesizes 

them in order to establish the statistical probability of activation of a particular brain region 

during a specific task [7]. An individual brain focus is regarded as a spatial probability 

distribution centered about a peak at the reported coordinate, instead of being treated as a 

single point. At each voxel, the ALE statistic is calculated, which denotes the probability 

that at least one of the activation foci is contained within a particular voxel. Performing 

this calculation at each voxel within the brain then generates an ALE map. To test the 

null hypothesis that the foci are uniformly distributed throughout the brain (i.e. the random 

clustering of foci is rejected), a nonparametric permutation test was performed [42].

We extracted coordinates of activated regions, represented in three dimensional space as 

x,y,z coordinates, with cluster level threshold set at p<0.05. We then conducted the meta-
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analyses via separate ALE analyses for bladder filling and rectal distention coordinates. The 

current version of the GingerALE version 2.3.6 (http://brainmap.org/ale, Research Imaging 

Institute of the University of Texas Health Science Center, San Antonio, Texas) was used 

to evaluate the coordinates for topographic convergence in the MNI reference space. Prior 

to conducting the ALE analysis, coordinates reported in Talariach space were converted 

to MNI reference space with the use of the Lancaster transformation, which is integrated 

into the GingerALE program [43]. Results from the various studies were pooled and a 

contrast analysis was performed to identify any common areas of activation between bladder 

filling and rectal distension using GingerALE. In the contrast analysis, the coordinates were 

randomly divided and paired. The pairings were then subtracted 10,000 times in order 

to ascertain the differences between subjects during rectal distention and subjects during 

bladder filling at a 1/4 0.05 with a significance threshold was set at P < 0.05. A cluster-size 

threshold was used to correct for multiple comparisons with 1,000 permutations for the 

calculations.

Results

We identified 14 studies examining areas of the brain activated during bladder filling and 

17 studies investigating rectal distention that met the inclusion criteria (Table 1A and 

1B, respectively). Of studies investigating bladder filling, 7 used fMRI, 6 used PET, and 

one used SPECT. These studies involved 197 subjects and yielded 96 foci of activation 

during bladder filling. All studies investigating rectal distention utilized fMRI. These studies 

provided 182 foci of activation from 284 subjects.

ALE analysis demonstrated the following regions of activation in response to bladder filling: 

right insula, right and left thalamus, and right periaqueductal grey (Figure 3A). The specific 

coordinates for these regions are reported in Table 2. In response to rectal distention, the 

activated clusters were in the right and left insula, right and left thalamus, left postcentral 

gyrus, right inferior parietal lobule, inferior frontal gyrus, and amygdala (Figure 3B and 

Table 2).

Contrast analysis revealed common activation of the right insula in rectal distention and 

bladder filling.

Discussion

Our study demonstrates that experimental bladder filling and rectal distension activate 

several distinct regions of the brain; however, both tasks result in activation of the insula. 

This common activation of the insula during bladder and rectal distension may offer an 

explanation for the overlap in bowel and bladder symptoms in adults with pelvic floor 

disorders.

The insula, an area of the cerebral cortex that lies deep to the lateral sulcus, plays a vital 

role in interoception, the sense of the physiologic state of the body. Afferent homeostatic 

information from the viscera, such as heart rate, respiration, digestive processes, and 

micturition are mapped to the insula such that the insula has been called the “sensory 

cortex of the autonomic nervous system” [44, 45]. Functional MRI studies in healthy women 
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have shown that the degree of activation of the anterior insula increases as the volume 

of bladder filling increases and the desire to void became more intense [5, 19]. Similarly, 

the insula processes the awareness of rectal filling and desire to defecate in healthy adults 

[6]. Our study shows that afferent sensation from the bladder and rectum are registered 

in the ventroanterior insula, a region that has also been implicated in the experience of 

disgust, a negative reaction that likely prompts evacuation of the bladder and/or rectum [46]. 

Co-activation of the insula by bladder and rectal filling may also explain why defecation is 

frequently associated with micturition in humans.

Our findings help to explain the common coexistence of bowel and bladder symptoms in 

adults with pelvic floor disorders. Greater activation of the insula has been reported with 

bladder filling in women with overactive bladder than healthy controls [5, 44]. Similarly, 

greater activation of the insula with rectal distension has been reported in adults with 

irritable bowel syndrome [6]. Increased activation of the insula in adults with pelvic floor 

disorders may represent abnormal perception of physiologic happenings within the body 

resulting in pathologic symptoms [44]. Examples of such abnormalities include a heightened 

sense of urgency in adults with overactive bladder and an awareness of gastric motility 

or peristaltic activity in subjects with irritable bowel syndrome [5, 44]. Since the insula 

is also part of the limbic system or the emotional arousal circuit, recent treatments for 

functional bladder and bowel syndromes have focused on the reduction of anxiety associated 

with urinary and gastrointestinal symptoms [44]. Our findings that overlapping regions of 

the insula are involved in the sensory processing of bladder and bowel symptoms suggests 

that functional bowel and bladder disorders may have a common underlying mechanism 

and treatments that reduce anxiety associated with bladder symptoms could also benefit 

co-existing bowel symptoms.

Our study also reveals important differences in the processing of afferent sensations from 

the bladder and the rectum. Though the thalamus was activated during both processes, 

bladder filling was associated with activation of the mediodorsal nuclei while the ventral 

anterior nuclei were activated during rectal distension. The thalamus serves as a “relay 

center” for sensory information and determines which signals from the bladder or the rectum 

should reach the insula and somatosensory cortex for processing. As a key component of 

the attention network, the thalamus does not allow afferent sensations of bladder or the 

rectum to reach the cortex until an adequate degree of bladder or rectal filling has been 

achieved [47]. The ventral anterior thalamic nuclei that are activated during rectal distension 

integrate sensory information from the limbic system and viscera. The mediodorsal nucleus 

that is activated during bladder filling contributes to “adaptive decision-making” and 

associative learning. Given that hypofunction of the dorsomedial nuclei results in “cognitive 

inflexibility”, a condition where individuals are unable to appropriately use stimuli within 

their surroundings to adjust their behavior, hypofunction of these nuclei could potentially 

contribute to symptoms such as “key in the door” in adults with overactive bladder [48]. 

Greater insight into the differential role of thalamic nuclei in the processing of afferent 

sensations from the bladder and rectum may provide greater insight into pelvic floor 

disorders such as urinary or fecal urgency.
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We also identified other important differences between regions of the brain activated during 

rectal distension and bladder filling. In the case of rectal distension, we identified several 

regions known to be involved in rectal filling such as amygdala, postcentral gyrus and 

the parietal lobule. The postcentral gyrus in the somatosensory cortex receives afferent 

information from the anal canal via the thalamus, such as the duration and strength of 

noxious stimuli [49]. The primary somatosensory cortex is disproportionately activated 

during rectal distention in female subjects compared to males, possibly accounting for 

female predominance of irritable bowel syndrome [49]. The inferior parietal lobule receives 

afferent input from the limbic system as well as the viscera and serves a significant function 

in the processing of sensory attention [50]. As a part of the emotional arousal network, 

the amygdala helps to integrate the emotional experience into visceral responses, such as 

anxiety or fear of a certain sensation [6]. Activation of the amygdala has been reported with 

bladder filling in patients with irritable bowel syndrome and bladder pain syndrome. Our 

meta-analysis identified activation of the amygdala with rectal filling but not with bladder 

filling in healthy adults. This may be because the amygdala is a deep subcortical structure 

that is difficult to visualize. Alternatively, it is possible that rectal distension is more likely 

to arouse fear and anxiety than bladder filling. Studies that compare brain activations during 

bladder and rectal filling in the same subject are required to determine differences in afferent 

signaling from the bladder and rectum.

Our study has several limitations. These include heterogeneity of neuroimaging techniques 

and differences in protocols for bladder and rectal filling. The method of bladder filling and 

rectal distention as well as the extent of filling or distention (first desire vs. normal or strong 

desire and varying thresholds of rectal distention) was not standardized across studies; 

this could have resulted in variation in reported activated areas. Similarly, differences in 

neuroimaging techniques could have limited our ability to identify common regions involved 

in sensory processing from the bladder and the rectum. In spite of these limitations, our 

meta-analysis allowed us to integrate the findings of existing studies and identify key regions 

of the brain that could potentially be targeted in the treatment of dysfunctional voiding.

Conclusions

The common activation of the insula during bladder filling and rectal distention may offer 

an explanation for the coexistence of bladder and defecatory symptoms in pelvic floor 

disorders. This area of the brain may be a target for future treatment of bowel and bladder 

dysfunction.
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Figure 1: 
PRISMA flow diagram of studies on rectal distention in healthy subjects (A) and PRISMA 

flow diagram of studies on bladder filling in healthy subjects
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Figure 2: 
Brain regions activated during bladder filling (A) and rectal distention (B)
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Figure 3: 
Common brain regions activated in bladder filling and rectal distention
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Table 2:

Brain Regions Activated During Bladder Filling and Rectal Filling

BLADDER FILLING Brain Region Volume (mm3) x y z ALE value

Bilateral thalamus 968 4 −6 12 0.013750

−4 −8 12 0.012373

Right anterior insula 896 38 10 10 0.014993

Right periaqueductal gray (midbrain) 704 10 −22 −10 0.012906

Rostral pons 704 −2 −20 −16 0.009082

RECTAL DISTENTION Brain Region Volume (mm3) x y z ALE value

Right anterior insula 4728 34 28 0 0.013759

Left insula 1872 −38 14 0 0.029081

Bilateral thalamus 1848 −4 −24 0 0.016269

2 −16 2 0.012333

Left postcentral gyrus 1264 −62 −24 20 0.021144

Right postcentral gyrus 696 50 −42 54 0.018775

Right parietal lobule 688 60 −30 30 0.013953

58 −34 38 0.013788
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