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Abstract: Nocturnal enuresis is a common developmental disorder in children, and primary nocturnal
enuresis (PNE) is the dominant subtype. The main purpose of this study was to investigate brain
functional abnormalities specifically related to motor response inhibition in children with PNE using
fMRI in combination with a Go/NoGo task. Twenty-two children with PNE and 22 healthy children,
group-matched for age and sex, took part in this experiment. Although no significant between-group dif-
ferences in task performance accuracy were observed, PNE patients showed significantly longer response
times on average. There were several brain regions with reduced activation during motor response
inhibition in children with PNE: the bilateral inferior frontal gyri, right superior and middle frontal gyri,
right inferior parietal lobe, bilateral cingulate gyri and insula. Our data indicate that response inhibition
in children with PNE is associated with a relative lack of or delay in the maturation of prefrontal cortex
circuitry that is known to suppress inappropriate responses. This result might give clues to understand-

ing the pathophysiology of PNE. Hum Brain Mapp 33:2913-2919, 2012.
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INTRODUCTION

Primary nocturnal enuresis (PNE) is a common finding
in school-age children, with a prevalence rate around 9%

in children between 5 and 10 years of age [Lottmann and
Alova, 2007]. Children with enuresis often experience
unnecessary emotional distress and have low self-esteem
[Garber, 1996]. Although PNE is a common disorder with
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a large inpsychological impact on afflicted children and an
economic impact on the children’s families, the pathogene-
sis of enuresis is unclear. In the past, electroencephalograph
(EEG) [Hallioglu et al., 2001], event-related brain potential
(ERP) [Karlidag et al., 2004], and startle blink [Freitag et al.,
2006] have been used to study enuresis. It was found that
maturational delay of the central nervous system is an
important factor in the pathogenesis of PNE [Freitag et al.,
2006; Hallioglu et al., 2001; Karlidag et al., 2004]. Children
with PNE cannot prevent themselves from voiding during
sleep, and that inability might be related to weak inhibition
function. The literature shows that the prefrontal cortex
(especially the inferior frontal gyrus) is the key area for
inhibition function [Hampshire et al., 2010].

In fact, the prefrontal cortex (PFC) is important for vari-
ous higher cognitive functions that have been shown to
develop with age, even throughout adolescence [Rubia
et al.,, 2006; Tsujimoto, 2008]. The PFC is responsible for
executive functions, which include mediating conflicting
thoughts, making choices, predicting future events, and
governing social control [Miller and Cohen, 2001].
Previous research suggests that the PFC is important for
bladder control; to maintain urine storage, the PFC inhibits
the midbrain periaqueductal gray matter [Fowler and
Griffiths, 2010; Griffiths and Tadic, 2008]. Children who
have a poorly functioning PFC could have abnormal urine
storage.

Therefore, we hypothesized that children with PNE
have delayed development of the PFC and consequent
response inhibition deficits. In this study, response inhi-
bition function in children with PNE and in healthy
children was investigated using the classic Go/NoGo
task and functional magnetic resonance imaging (fMRI)
analysis.

MATERIALS AND METHODS
Subjects

Forty-four children between 8 and 15 years of age par-
ticipated in the study, with the consent of children and
their guardians. There were two groups of 22 children: the
PNE group (14 males, 8 females) and the normal control
group (13 males, 9 females). The children with PNE had a
mean age of 10.5 (SD = 2.0) years; healthy controls were
11.5 (SD = 1.9) years old, on average. The mean duration
of school education was 4.5 (SD = 2.0) years for children
with PNE and 5.5 (SD = 1.9) years for healthy controls.
All children were right-handed and had an IQ >75, and
all neurological and psychiatric diseases were excluded
based on clinical examination and a structured interview.
All of the 22 children with PNE were outpatients of the
Shanghai Children’s Medical Center. This study was
approved by the IRB of Shanghai Children’s Medical Cen-
ter affiliated with Shanghai Jiao Tong University School of
Medicine (No: SCMC-201014). Additional clinical data on
the patient group are given in Table L.

fMRI Paradigm: Go/NoGo Task

The present study used the same version of the Go/
NoGo task as that described by Menon et al. [2001]. In the
task, the subjects were first induced to form a temporary
response habit by following some repetitive stimulation-
response actions in the Go block. They were then asked to
inhibit the habit in the Go/NoGo block, which consists of
a random combination of stimulation-response and stimu-
lation-no-response actions. The Go/NoGo task requires
motor response inhibition and selective attention without
unduly loading working memory. The paradigm consists
of a 30-s rest epoch and 10 alternating 26-s epochs of Go
and Go/NoGo conditions, followed by a 30-s rest epoch.
All stimuli were shown in the IFIS-SA system (Invivo Cor-
poration, America), and the IFIS-SA system recorded the
key-press responses of each subject. IFIS-SA system is pro-
fessional fMRI stimulation, using RF monitor, can realize
the synchronization between the presentation and the
scanner. In Go and Go/NoGo blocks, every presentation
of letters was synchronized with the beginning of the scan.
During the rest condition, subjects passively viewed a
“cross” on a blank screen. There were two experimental
conditions: Block A—the Go condition—had 26 targets
and Block B—the Go/NoGo condition—had 13 targets and
13 non-targets. During the experiment, subjects viewed a
series of letters once every 2 s (1,000-ms stimulus and
1,000 ms interstimulus interval) and responded with a key
press to every letter except the letter “V.” All subjects
responded using the forefinger of the right hand. In the
Go (control) condition, subjects were presented a random
sequence of letters other than the letter “V.” In the Go/
NoGo (experimental) condition, subjects were presented
with the letter “V” 50% of the time, thus requiring
response to half the trials (Go trials) and response inhibi-
tion to the other half (NoGo trials).

Analysis of Performance Data

Response times (RT) and accuracy of performance of the
task were recorded for patients and control subjects for
both the Go and NoGo conditions. Average response time
(RT) is the average value of response time in all blocks,
including Go and Go/NoGo, but except the missing
responses. Performance data (accuracy and RT) were com-
pared using unpaired ¢ tests to check for significant differ-
ences in performance between the two groups (P < 0.05).

fMRI Image Acquisition

All imaging procedures were conducted at the Shanghai
Key Laboratory of Magnetic Resonance (East Normal Uni-
versity of China, Shanghai, China) on the Siemens 3.0 T
Trio Tim MR system. Anatomical images covering the
whole brain were collected using a T1-weighted gradient
echo pulse sequence (TR = 440 ms, TE = 2.46 ms, flip
angle = 90°, 256 x 320 matrix, FOV = 220 mm, 32 slices),
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TABLE I. Clinical data for the patient group

Weight Bed-wetting Bed-wetting Bladder Frequency with which patient
Age  Gender (kg) frequency (per day)  frequency (per week)  volume (ml)  wakes up for voluntary voiding

1 10 M 40 1 6 173 Sometimes
27 10 M 30 1 1-2 303 Sometimes
37 10 M 30 1 2 130 Sometimes
4 8 M 35 1 1 100 Often

57 11 F 35 1 4 132 Sometimes
6 8 F 25 2 7 140 Sometimes
7 9 M 48 0-1 1 130 Sometimes
8 10 M 29 2 7 100 Sometimes
9 10 M 49 1 2-3 155 Sometimes
10 15 F 50 2-3 7 510 Never

11° 15 F 45 1 1 450 Often

12¢ 8 M 22 1 1 235 Sometimes
13* 11 F 25 12 1-2 251 Often

14 15 M 54 12 7 192 Never

15% 8 M 34 2 5-6 260 Sometimes
16 8 M 26 2 7 190 Sometimes
172 12 M 32 2 5 350 Sometimes
18% 11 F 34 1 7 165 Sometimes
19? 13 M 41 1 2-3 245 Often

207 10 F 31 1 3-4 310 Sometimes
212 8 F 23 1-2 6 115 Sometimes
227 11 M 37 1 6 120 Sometimes

All patients wet the bed only at night. Age given in years; M = male; F = female.

*These children can wake up after bed-wetting.

and subsequently used for exact anatomical localization. A
total of 160 whole-brain volumes were collected on 32
oblique slices (3-mm thick, 33% Dist factor) using a T5*-
weighted gradient echo spiral pulse sequence that was
sensitive to blood oxygen level-dependent (BOLD) con-
trast, with the following acquisition parameters: echo time
(TE) = 30 ms, repetition time (TR) = 2,000 ms, flip angle
=90, FOV = 22 x 22 cm?, acquisition matrix = 64 x 64,
voxel size = 3.4 x 3.4 x 3 mm®.

Individual-Level fMRI Image Analysis

Functional images were analyzed with statistical para-
metric mapping software (SPM5; http:/ /www fil.ion.ucl.a-
c.uk./spm/spmb5.html) and Matlab (Math-Works, Natick,
MA) software on a personal computer. Images from the
first ten TRs at the beginning of each trial were discarded
to enable the signal to achieve steady-state equilibrium.
Image preprocessing included motion correction and
realignment of the images to each subject’s first image.
Sessions were then normalized using the mean functional
volume resampled to 2 x 2 x 2 mm® voxels in Montreal
Neurological Institute (MNI) stereotaxic space. Spatial
smoothing was performed on the functional images using
a Gaussian filter (6-mm full width half-maximum,
FWHM). All children with head movement exceeding 2

mm, regardless of rotation and translation, were excluded
from further analysis.

In the first-level analysis, we constructed for each indi-
vidual subject a contrast between the Go/NoGo and Go
conditions (experimental minus control) to evaluate the
degree of brain activation specific for response inhibition.
These contrast images were analyzed with SPM5 using a
general linear model (GLM) to determine, voxel-wise, t-
statistics for each subject. Height threshold was set at P <
0.001, uncorrected for multiple comparisons.

Group-Level Analysis

The con or contrast (difference in B) images of the first-
level analysis were then used for the second-level group
statistics. For group analysis, a random effects model was
used to determine, voxel-wise, t-statistics contrasting spe-
cific conditions of interest. These contrast images (Go/
NoGo minus Go) of 22 PNE subjects and 22 control sub-
jects were used to determine within-group activation for
the PNE and control groups by one-sample ¢ tests. Clus-
ters of activation to display were defined as those surpass-
ing a height threshold of P < 0.0001 (uncorrected at the
voxel level) and an extent threshold of 10 voxels. How-
ever, only activation significant at the cluster level (P <
0.01) will be reported.
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Group Difference Analysis

Two-sample f tests were used to determine between-
group differences. A random effects model was used for
between-group analyses. Clusters of activation to display
were defined as those surpassing a height threshold of
P < 0.0001 and an extent threshold of 10 voxels for all
within- and between-group analyses. Only activation sig-
nificant at the cluster level (P < 0.01) will be reported.

RESULTS
Task Performance

There were no significant differences between the two
groups in either the average percentage of correct responses
for the Go/NoGo task (95.2% =+ 2.7% for children with
PNE; 97.0% =+ 1.7% for control children) or in the number
of incorrect NoGo responses. But the average RT was lon-
ger in PNE children (P < 0.001): 522 £+ 81 ms in children
with PNE, and 487 4+ 47 ms in control children.

Functional MRI Data
Within-group activations

Within-group activations for the contrast of motor
response inhibition (Go/NoGo-Go) are shown in Table II.
Controls activated the bilateral inferior PFC, right superior
and middle frontal gyri, bilateral supplementary motor
areas (SMA), bilateral inferior parietal lobe, bilateral supe-
rior temporal gyri, right cingulate gyrus, bilateral insula,
bilateral caudate nuclei, and right putamen. Children with
PNE activated the bilateral inferior PFC, right superior
and middle frontal gyri, bilateral SMA, bilateral inferior
parietal lobe, bilateral superior temporal gyri, bilateral cin-
gulate gyri, bilateral insula, bilateral caudate nuclei and
right putamen. Thus, there was activation of similar brain
networks in children with PNE and in healthy children
during motor response inhibition. In both groups, the acti-
vated areas were distributed more in the right than in the
left brain hemisphere.

Between-group activations

Children with PNE showed significantly reduced
activation compared to healthy children during response
inhibition in the bilateral inferior frontal gyri, right supe-
rior and middle frontal gyri, right inferior parietal lobe,
bilateral cingulate gyri and bilateral insula (see Table II
and Fig. 1).

Children with PNE also showed some areas of overacti-
vation during response inhibition compared to healthy
children: the left posterior cingulate cortex, right medial
frontal gyrus, left anterior cingulate, left inferior and
middle temporal gyri and left middle temporal gyrus (see
Table II).

DISCUSSION

Many reports in the literature describe the brain areas
activated during the Go/NoGo task. The results of the
present study, which showed in both the control and PNE
groups that activation was most pronounced in the inferior
frontal gyri, inferior parietal lobes, and anterior cingulate
gyri during response inhibition, were consistent with prior
reports [Aron et al., 2004; Mazzola-Pomietto et al., 2009;
Menon et al., 2001].

The main results of this study were that (1) similar brain
regions were activated during motor response inhibition in
healthy children and in those with PNE; (2) compared to
healthy children, children with PNE exhibited a reduction
in brain activation in the bilateral inferior frontal gyri,
right superior and middle frontal gyri, right inferior parie-
tal lobe, bilateral cingulate gyri and bilateral insula; (3)
children with PNE showed increased activation in the left
posterior cingulate, right medial frontal gyrus, left anterior
cingulate, left inferior and middle temporal gyri and left
middle temporal gyrus.

In general, our data show that the right hemisphere was
underactivated, and the left hemisphere was overactivated,
when children with PNE performed a motor response in-
hibition task. Garavan et al. [1999] reported that the domi-
nant areas of activation during response inhibition are in
the right hemisphere, including the middle and inferior
frontal gyri, frontal limbic area, anterior insula, and infe-
rior parietal lobe. Many other studies suggest that the
right hemisphere is activated more than the left during
response inhibition [Horn et al., 2003; Menon et al., 2001;
Rubia et al., 2003]. Our finding of underactivation in the
right hemisphere and overactivation in the left hemisphere
indicates an abnormal network of brain areas involved in
response inhibition in children with PNE.

Relative to healthy children, those with PNE exhibited a
reduction of brain activation. We will discuss the functions
of these areas and their potential roles in PNE pathology.

Children with PNE exhibited a reduction of brain activa-
tion in several PFC areas, including the bilateral inferior
frontal gyri and the right superior and middle frontal gyri.
The frontal lobes are necessary for inhibitory control. Pre-
vious results have shown that response inhibition leads to
activation of the ventrolateral and dorsolateral PFC
(VLPEC and DLPFC, respectively) bilaterally but with
greater activation in the right hemisphere [Horn et al,
2003; Liddle et al., 2001; Menon et al., 2001; Rubia et al.,
2003]. Previous research also suggests that the right infe-
rior frontal gyrus is a key node in the brain network for
response inhibition [Aron et al., 2004; Chamberlain and
Sahakian, 2007]. Furthermore, damage to the right superior
medial frontal lobe in patients slows inhibitory control
[Floden and Stuss, 2006]. Thus, the PFC (especially the in-
ferior frontal gyrus) plays an important role in response
inhibition. Our results showed that children with PNE
have an underactive right PFC (inferior frontal gyrus,
superior, and middle frontal gyri) and left inferior frontal
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TABLE Il. Significant within-group activation during response inhibition® in children with PNE and in healthy
children and between-group differences in activation

Peak location

Group and region 7 value® Number of voxels X Y V4

Healthy children (HC)

Right inferior frontal gyrus (BA47/45) 5.46 680 52 16 2
Left inferior frontal gyrus (BA47/45) 5.12 162 -36 10 4
Right superior and middle frontal gyri (BA9/10) 5.18 650 30 40 34
Right SMA (BA6) 4.72 225 6 16 62
Left SMA (BA6) 4.81 87 -2 16 44
Right inferior parietal lobe (BA40) 494 1273 34 —50 44
Left inferior parietal lobe (BA40) 4.84 76 —66 —38 20
Right superior temporal gyrus (BA38) 6.02 206 56 —40 32
Left superior temporal gyrus (BA38) 4.84 104 —66 —38 20
Middle cingulate gyrus (BA32/24) 511 620 6 16 42
Right insula (BA13) 5.65 373 32 22 6
Left insula (BA13) 5.12 491 —36 10 4
Right caudate and putamen 4.78 182 14 -8 20
Left caudate 4.86 57 -8 0 12
PNE

Right inferior frontal gyrus (BA47/45) 5.87 249 30 20 8
Left inferior frontal gyrus (BA47/45) 5.12 132 -32 16 16
Right superior and middle frontal gyri (BA9/10) 5.45 789 36 44 24
Right SMA (BA6) 5.89 471 14 2 66
Left SMA (BA6) 5.89 19 14 2 66
Right inferior parietal lobe (BA40) 4.53 178 50 —38 48
Left inferior parietal lobe (BA40) 4.67 10 —64 —48 30
Right superior temporal gyrus (BA38) 5.04 105 48 —-18 8
Left superior temporal gyrus (BA38) 4.84 43 —66 —38 20
Right and left cingulate gyri (BA32/24) 5.40 410 10 32 2
Right insula (BA13) 5.56 480 34 10 —4
Left insula (BA13) 5.45 304 —38 10 0
Right caudate and putamen 4.72 267 20 4 8
Left caudate 4.71 24 —-10 —4 18
HC>PNE

Right inferior frontal gyrus (BA47/45) 6.07 740 32 22 8
Left inferior frontal gyrus (BA47/45) 4.74 124 —40 20 0
Right middle frontal gyrus (BA6) 543 215 38 2 46
Right superior and middle frontal gyri (BA9/10) 5.45 478 30 40 34
Right inferior parietal lobe (BA40) 5.75 867 52 -38 32
Right and left cingulate gyri (BA32/24) 497 376 12 14 42
Right insula (BA13) 5.46 287 28 18 —-10
Left insula (BA13) 5.45 299 —-38 14 8
PNE>HC

Left posterior cingulate cortex (BA28/10) 5.86 405 -10 —54 22
Right medial frontal gyrus (BA11/10) 5.60 398 4 40 —-18
Left anterior cingulate (BA32) 5.43 65 —14 34 —4
Left inferior and middle temporal gyri (BA21) 5.10 117 -56 -8 -22
Left middle temporal gyrus (BA39) 4.77 110 —40 —68 26

BA = Brodman’s areas; X, Y, Z = MNI coordinates; SMA: supplementary motor area.

*Assessed by the contrast Go/NoGo versus Go, P < 0.0001 uncorrected at the voxel level and cluster > 10 voxels and only activation
significant at the cluster level (P < 0.01) will be reported.

PFor peak areas of activation.

gyrus during response inhibition, which might be respon- dren/adolescents during successful inhibition [Rubia et al.,
sible for the dysfunction of response inhibition in PNE 2007], which indicates that this structure is important in
patients. It has been reported that the right inferior PFC is the developmental improvement observed in inhibitory
more strongly activated in adults compared with chil- abilities. Altogether, the wunderactivation of the PFC
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IPL Insula CC

IFG

Figure I.
Children with PNE exhibited a reduction of brain activation in the bilateral IFG, right MFG, right
IPL, bilateral insula and CC, when compared with healthy children. IFG: inferior frontal gyrus,
MFG: middle frontal gyrus, IPL: inferior parietal lobe, CC: cingulate cortex. And L: left side, R:

right side, Y = : Y coordinate in MNI space.

(especially the inferior frontal gyrus) in children with PNE
suggests a developmental delay in the PFC and a response
inhibition functional deficit.

In a series of positron emission tomography (PET)
experiments by Blok et al. [1997], micturition was associ-
ated with increased blood flow in the right inferior frontal
gyrus and other brain areas. Hruz et al. [2008] also
reported that compared to passive filling of the bladder,
emptying the bladder was associated with increased brain
activity in the right inferior frontal gyrus. Similarly, we
found one of the most significant reductions in activation
in the right inferior frontal gyrus in children with PNE
during response inhibition (see Table II and Fig. 1C). In
the accepted model of bladder control, the PFC is associ-
ated with decision-making in voiding [Fowler and Grif-
fiths, 2010; Griffiths and Tadic, 2008]. In this model,
during urine storage, the PFC prevents voiding by inhibi-
ting the midbrain periaqueductal gray matter [Fowler and
Griffiths, 2010; Griffiths and Tadic, 2008]. Dysfunction of
the PFC during response inhibition might induce abnor-
mal voiding behavior.

Compared to the Go condition, the right inferior parietal
lobe was activated more during the Go/NoGo condition.
The activation of parietal cortex might reflect a transient
increase in attentional processes in the inhibition task
(Go/NoGo condition) compared to the executive control
task (Go condition). The PNE group had less activation of
the right inferior parietal lobe during response inhibition,
which suggests a decline in attention. A previous study
reported that children with enuresis had a higher likeli-
hood of inattentive symptoms than children without enu-
resis [Elia et al., 2009]. Moreover, children with attention
deficit hyperactivity disorder (ADHD) are at risk for per-
sistent enuresis [Baeyens et al., 2005]. Baeyens et al. [2004]
reported that among 120 children, aged 6-12 years, with
nocturnal enuresis, 15% were diagnosed with the full syn-
drome of ADHD and 22.5% met the criteria of the ADHD
inattentive subtype. Thus, there in an association between

enuresis and ADHD, and children with PNE might have
attention problems. Although the patients in the present
study were diagnosed with PNE but not ADHD, mild
ADHD might not have been excluded.

The bilateral cingulate gyri and insula were also activated
less during response inhibition in the PNE group relative to
healthy subjects. Previous studies have indicated that the
anterior cingulate cortex specifically monitors response con-
flict [Braver et al., 2001]. Ramautar et al. [2006] suggested
that the insula in particular might be affected during a fail-
ure in inhibition. Menon et al. [2001] reported that the ante-
rior-ventral aspect of the cingulate cortex and the left and
right insula are all activated during error processing (“incor-
rect NoGo” vs. “correct NoGo” events) in the Go/NoGo
task. It has been found PNE has a large psychological
impact on children, such as unnecessary emotional distress
and low self-esteem [Garber, 1996]. It can be seen that the
different level of activation in the cingulate gyri and bilat-
eral insula in PNE groups might reflect different psycholog-
ical processing during an error for a NoGo response.

There were some areas of overactivation in children
with PNE compared to healthy children during response
inhibition. The overactivated areas were mainly in the left
hemisphere, which suggests that children with PNE might
use the left hemisphere to compensate for the deficits in
the right hemisphere during response inhibition.

In addition, our results show that children with PNE
and healthy children had a similar percentage of correct
responses on the Go/NoGo task, but the PNE group had a
longer RT. Children with PNE have uncontrolled micturi-
tion during sleep, but they behave normally when awake,
and our test required the two groups of children to be
awake during the test. Thus, that the two groups per-
formed the task with similar scores is not surprising. In
fact, the extra time needed for the PNE group to perform
the task is likely due to several factors, such as the task
requiring more effort and the mood state of the children.
The performance data was in line with the fMRI data.
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A classical block design, as was used in the current
study, has several advantages: it is simple and powerful,
and it is not difficult to perform in children. In contrast,
with a block design, the findings might not solely reflect
response inhibition but also other cognitive functions, such
as conflict detection and error monitoring. This is a limita-
tion for our study. Since the prevalence rate of PNE is
known to decrease with age, 2-3 years following brain
imaging study would be useful to investigate the abnor-
mal development in the brains of children with PNE.
Further study of the structure, function and development
process of the PFC in children with PNE is needed.

CONCLUSION

The present study showed that similar networks of brain
regions were activated during motor response inhibition in
the two groups. The magnitude of activation was weak in
some brain areas in children with PNE compared to
healthy children. Defective activation of the bilateral infe-
rior frontal gyri and the right superior and middle frontal
gyri in children with PNE indicates a relative weakness or
delay in the maturation of response inhibition in the PFC.
Furthermore, the decreased activation of the right inferior
parietal lobe, bilateral cingulate gyri and insula might
reflect inattention and different psychological processing
when faced with an error for a NoGo response.
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