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SUMMARY
There is comparatively little information about premorbid maturational brain abnormalities in
schizophrenia. We investigated whether a history of childhood enuresis, a well-established marker
of neurodevelopmental delay, is associated with schizophrenia and with measures of brain
abnormalities also associated with schizophrenia. A DSM-IV based history of enuresis, volumetric
brain MRI scans, and neuropsychological testing were obtained in patients with schizophrenia, their
non-psychotic siblings, and non-psychiatric controls. The subjects were 211 patients (79.6% male),
234 of their siblings (43.2% male), and 355 controls (39.2% male). Frequency of enuresis was
compared across groups and correlated with cognitive measures. Total and regional brain volumes
were determined using VBM on matched subsets of probands (n=82) with or without enuresis (n=16,
n=66, respectively) and controls (n=102) with or without enuresis (n=11, n=91, respectively).
Patients with schizophrenia had higher rates of childhood enuresis (21%) compared with siblings
(11%; χ2=6.42, p=0.01) or controls (7%; χ2=23.65, p<0.0001) and relative risk for enuresis was
increased in siblings (λS=2.62). Patients with enuresis performed worse on two frontal lobe cognitive
tests [Letter Fluency (t=1.97, p=0.05, df=200) and Category Fluency (t=2.15, p=0.03, df=200)] as
compared with non-enuretic patients. VBM analysis revealed gray matter volume reductions in
several frontal regions (right BA 9, right BA 10, and bilateral BA 45), and right superior parietal
cortex (BA 7) in patients with a history of enuresis as compared with non-enuretic patients (all t>3.57,
all p<0.001). The high frequency of childhood enuresis associated with schizophrenia, and
abnormalities in prefrontal function and structure in patients with a childhood history of enuresis
suggest that childhood enuresis may be a premorbid marker for neurodevelopmental abnormalities
related to schizophrenia. These findings add to the evidence implicating prefrontal dysmaturation in
this disorder, potentially related to genetic risk factors.
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INTRODUCTION
Despite a prodromal period in late adolescence and early adulthood and a relatively fixed age
of risk for onset, schizophrenia is generally conceptualized as a neurodevelopmental disorder.
Pioneering prospective studies by Bender and later Fish described 'pandysmaturation' in motor,
intellectual, and adaptive functioning of infants who subsequently developed schizophrenia
(Bender 1947; Fish et al 1965). Developmental delays have been detected in infancy and early
childhood in numerous studies both in offspring of patients with schizophrenia and 'pre-
schizophrenics', including abnormalities in acquisition and refinement of language, gross
motor delays in standing and walking, and delayed physical growth (Fish & Kendler 2005;
Fish et al 1992; Isohanni et al 2001; Jones et al 1994).

The acquisition of volitional bladder control, particularly at night, is an important and well-
established developmental neurological milestone. It usually occurs around 4 years of age
(Johnson 1998). Rates of enuresis in otherwise healthy children vary from 10% among six year
olds to 5% among ten year olds (Neveus et al 2000). In general, enuresis is more common in
boys than girls (Johnson 1998; Neveus et al 2000). Persistent bedwetting has been associated
with delayed achievement of language and motor milestones in otherwise healthy children
(Touchette et al 2005). The DSM-IV characterizes enuresis as a disorder when there is a
persistent loss of bladder control after age 5. In most cases, delays in the acquisition of volitional
bladder control beyond age 5, in the absence of medical causes such as diabetes or spina bifida,
represent a neurodevelopmental abnormality.

Few studies have explored the relationship between a history of childhood enuresis and
schizophrenia, although Kraepelin, as early as 1919, anecdotally referred to “obstinate
nocturnal enuresis” in childhood in cases of dementia praecox (Kraepelin 1919–1971). In a
birth cohort study limited by the absence of statistical analysis, 40 ‘pre-schizophrenics’,
assessed at regular intervals from 7 through 28 years of age, were said to be more likely enuretic
by day at age 3 and by night at age 5 than controls (Crow et al 1995). In addition to a lack of
statistical results, this study did not address whether and to what extent bedwetting persisted
beyond age five, which DSM-IV criteria require for a diagnosis of enuresis. Another analysis
of this cohort showed that at age 7, individuals who subsequently went on to develop
schizophrenia were more likely to have incontinence problems than normal controls (p<0.10)
(Jones 1997). A Finnish study of developmental progress at one year of age suggested that
females with slower onset of urinary continence had a slightly increased risk of schizophrenia
(Isohanni et al 2001). A study of child/adolescent-onset schizophrenia found late onset of
urinary incontinence in 36% of subjects with schizophrenia (n=61), compared to 18% of
patients with affective psychoses (n=48), and subjects with a preponderance of negative
symptoms were more likely to have had incontinence (Hollis 2003). It is not clear from this
study whether the emergence of incontinence in the setting of manifest illness was associated
with enuresis prior to illness onset. This is an important point because the biologic meaning of
incontinence during acute psychosis and enuresis during development may not be the same.
Another study found increased rates of bedwetting at age 4 in offspring of schizophrenic women
compared with controls (Henriksson & McNeil 2004). Finally, adult patients with
schizophrenia have higher rates of urinary incontinence than patients with mood disorders
(Bonney et al 1997). These various studies provide some evidence for delayed or impaired
bladder control in individuals at risk for schizophrenia or in child/adolescent-onset
schizophrenia. However, there has been no systematic study of the relationship between
schizophrenia diagnosed in adulthood and antecedent childhood enuresis as defined by current
criteria for persistent bedwetting beyond the age of five.

A limited number of studies have explored the relationship between childhood enuresis and
other psychiatric disorders. Two studies found increased rates of childhood enuresis in children
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with ADHD (28–32%) (Biederman et al 1995; Neveus et al 2000); one study found increased
rates of enuresis in childhood Tourette’s syndrome (22%) (Comings & Comings 1987); and
one study found increased rates of enuresis in adult bipolar disorder (18%) (Henin et al
2007). Persistent enuresis has also been associated with an increased risk of adolescent suicidal
behavior (Liu & Sun 2005). Persistent enuresis after the age of 10 years has been associated
with a small but significantly increased risk of conduct problems, attention deficit behaviors,
and anxiety/withdrawal in adolescence (Fergusson & Horwood 1994). Feehan and colleagues
(1990) found that secondary enuresis (enuresis recurring after at least a year of continence),
but not primary enuresis, was associated with an increased rate of behavioral problems (Feehan
et al 1990). In Chinese children, persistent enuresis after 4 years of age is associated with
increased behavior problems, as reported by both parents and teachers (Liu et al 2000). A
similar finding was reported in US children with enuresis persisting after 5 years of age (Byrd
et al 1996). These studies illustrate that enuresis as a putative marker of cerebral developmental
delay is not an antecedent for a specific behavioral disorder any more that it is specifically
associated with a single childhood neurological disorder.

To define forebrain structures involved in volitional bladder control, traditional clinical-
neuropathological studies have relied upon the association between acquired brain lesions and
the development of urinary incontinence. Nearly 75% of stroke patients with frontal lobe
lesions developed urinary incontinence (Sakakibara et al 1999). Right superior frontal damage
has been linked with transient urinary incontinence while bilateral damage has been associated
with permanent incontinence (Mochizuki & Saito 1990). These studies suggest that the frontal
lobes in general, and the superior frontal gyri in particular, are important in volitional bladder
control.

Functional neuroimaging studies have more clearly defined the neural network involved in
volitional bladder control. While peripheral muscles, nerves, spinal cord and brainstem
structures play an important role in bladder control, forebrain structures are also important. In
normal controls, the left superior frontal gyrus, supplementary motor area, cingulate gyrus, left
orbitofrontal cortex, bilateral frontal opercula and insula were activated during a strong urge
to void, using an fMRI paradigm (Kuhtz-Buschbeck et al 2005). Depending upon the
physiological paradigm employed, PET studies have implicated the mid-cingulate and
prefrontal cortices bilaterally, right inferior frontal gyrus, parts of the premotor cortex and
cingulate gyri bilaterally, right anterior cingulate gyrus, left superior prefrontal, middle frontal,
and anterior cingulate gyri, and left insular cortex in the neural regulation of volitional bladder
control (Athwal et al 2001; Blok et al 1997; Blok et al 1998; Nour et al 2000). In summary,
functional neuroimaging studies have implicated a complex neural network involving, among
other regions, frontal, insular, and cingulate cortices in volitional bladder control.

Neuropathology, neuroimaging, and neuropsychological studies have consistently implicated
the frontal lobes in the pathogenesis of schizophrenia (Weinberger et al 2001). We
hypothesized that if these abnormalities in schizophrenia are related to frontal lobe
development, then since maturation and functional competence of the frontal lobes also are
important in the acquisition of volitional bladder control in children, schizophrenic patients
would have a higher rate of childhood enuresis as a secondary manifestation of their frontal
lobe developmental abnormalities. In a broad-based family study of schizophrenia, we assessed
the rates of childhood enuresis in probands compared to their non-psychotic siblings and
normal controls. Assessment of enuresis in siblings allowed us to address the potential
heritability of this developmental condition. We also examined neuropsychological test
performance and volumetric brain morphometry (voxel-based morphometry or VBM) of these
groups, hypothesizing that subjects with a history of childhood enuresis would have evidence
of persistent frontal lobe dysfunction and volumetric abnormalities continuing into adulthood.
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This is the first comprehensive study to examine the history of childhood enuresis in a large
cohort of patients with adult-onset schizophrenia.

METHOD
Subject Selection

A total of 800 subjects participated, a subset of participants in the Clinical Brain Disorders
Branch ‘Sibling Study’ protocol (NIMH #95-M-0150), an ongoing investigation of
neurobiological abnormalities related to genetic risk for schizophrenia. Subjects were
volunteers recruited nationally and through the local community, as well as from the NIMH
Inpatient Schizophrenia Research Program. All of the subjects gave written informed consent
according to the guidelines of the NIMH/ NIH Institutional Review Board and the regulations
and ethical guidelines of the NIH Office of Human Subjects Research. Subjects were between
the ages of 18–60. Participants included 211 patients with schizophrenia (herein “probands”
or SCZ) (82.5% schizophrenia, 17.5% schizoaffective disorder, 79.6% male), 234 of their non-
psychotic siblings (SIB) (43.2% male), and 355 non-psychiatric controls (NC) (39.2% male).
All subjects were evaluated by a research psychiatrist for lifetime psychiatric illness and
substance use according to DSM-IV, using the Structural Clinical Interview for DSM-IV
Disorders (SCID) (First 1997). Subjects were excluded from any of the three diagnostic groups
if they met DSM-IV criteria for substance use/dependence within the past year, and also if they
had a lifetime history of abuse/dependence that exceeded five years. Furthermore, at the time
of testing, all subjects received a blood toxicology screening to rule-out acute alcohol or drug
intoxication. Subjects were also excluded if they had a history of significant medical or
neurological disorders, such as epilepsy or traumatic brain injury.

In addition, detailed demographic information and clinical histories, including age of onset of
prodromal symptoms and of illness, were compiled on each proband. Specifically, prodromal
age and age of onset were determined by merging data from all past medical/psychiatric
records, the SCID interview, and self/family completed application. In every case, a third party
informant (i.e., either psychiatric records or a treating clinician) was used to verify symptoms
and onset of illness. A second board-certified psychiatrist confirmed the diagnosis of
schizophrenia for every proband. Additional information on subject recruitment, screening and
examination are described elsewhere (Egan et al 2001). For demographic data on the subjects,
see Table 1.

A history of enuresis was obtained from the mother of each participant by applying DSM-IV
criteria (i.e., frequency of wetting >2 times per week for at least 3 consecutive months at age
5 or older, not due to a general medical condition or effect of a substance), as part of a birth
and developmental history questionnaire. Neurological/medical co-morbidity contributing to
childhood enuresis was evaluated through subject and maternal interviews. Subject cohorts
were subdivided into those with or without a history of childhood enuresis. Rates of enuresis
for each subject cohort were then compared. For the group comparisons with siblings, this
particular analysis was limited to a subset of siblings (n=152) consisting of one randomly
selected sibling per family.

Neuropsychological Tests
All subjects completed a battery of neuropsychological tests in order to assess academic skill
(WRAT-R reading subtest) , general intellectual ability (a 4-subtest WAIS-R short form IQ) ,
psychomotor speed (Trail Making Tests A and B), working memory (1 and 2 back versions of
the N-Back), problem-solving (Wisconsin Card Sorting Test), episodic memory (California
Verbal Learning Test), and speeded verbal retrieval (Letter and Category Fluency) (Egan et al
2001).
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Magnetic Resonance Imaging
Subjects—All structural imaging data free of visible artifact, distortion, incomplete
acquisition, or evidence of neurological abnormality, were processed for whole-brain VBM
analysis. Subjects had to have both available and usable structural imaging data meeting these
quality control criteria and complete enuresis data to be included in the VBM sample. The
resulting sample was 82 probands (16 SCZ+enuresis, 66 SCZ-enuresis) and 102 controls (11
NC+enuresis, 91 NC-enuresis). Thus, 20% of probands and 40.3% of controls from the original
sample were excluded based on VBM quality control criteria. All probands were on
antipsychotic medications at the timing of scan acquisition. Differences in demographic means
between each diagnostic group were tested using an ANOVA in SPSS version 13.0
(www.spss.com). There were no significant differences between probands with and without a
history of enuresis in age, sex, education, handedness, and WAIS full-scale IQ, nor were there
significant differences between controls with and without a history of enuresis on these
measures. Both the proband and control subgroups were matched for age, sex, WAIS full-scale
IQ, handedness, and education.

Structural image processing and analyses
Image acquisition and data processing software have been described in a previous study from
our group (Pezawas et al 2004), and most specifically in a recent study from this group
involving a largely overlapping sample of subjects (Honea et al 2008). Customized template
creation was based on a sample of 100 healthy volunteers, 100 non-psychotic siblings, and 100
probands taken from our study sample. These subjects were grouped to best represent the
sample as a whole, and were matched for age (NC 35.6± 9.97 years; SCZ 36.18±9.54 years;
p>.05). The iterative procedure used to make the customized template has been described
previously (Pezawas et al 2004).

We used optimized VBM performed in SPM2, including the non-uniformity correction option
(Ashburner & Friston 2000; Augood et al 1997). Images were modulated by multiplication
with the determinant of the Jacobian of the spatial normalization function, and an integration
of modulated gray matter voxel values resulted in estimates for total gray matter volume.
Modulated images were smoothed 10mm for the whole brain VBM analysis.

The normalized, modulated and smoothed gray matter images were analyzed using the General
Linear Model as implemented in SPM2. For this within-group analysis for NC and SCZ, we
used an analysis of covariance model with enuresis history as factor, age and gender as
covariates of interest, and total gray matter volume and second-order polynomial age
expansions as covariates of no interest. Voxel-by-voxel t-tests were computed across the whole
brain to determine global differences in gray matter volumes based on enuresis history,
contrasting NC+enuresis vs. NC-enuresis, and SCZ+enuresis vs. SCZ-enuresis. There were an
insufficient number of siblings to examine volumetric changes between SIB+enuresis and SIB-
enuresis in our structural dataset. Significant voxels (thresholded at .001 uncorrected, cluster
(k) > 5 contiguous voxels) are reported in Talairach space as in prior reports (Callicott et al
2005). A threshold was set at this level because of the lack of power, small numbers of those
with a history of enuresis, and the fact that this was a within-group exploratory analysis which
has never been performed previously.

Statistics
Statistical analyses of group differences in parameters other than MRI were computed with
chi-square analyses or student t-tests using Statistica 7.1 (Statsoft, Inc., 2005;
www.statsoft.com).
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RESULTS
Probands had significantly higher rates of enuresis than their non-psychotic siblings (21.3%
vs. 11.2%, χ2=6.42, p=0.01) and controls (21.3% vs. 7.3%, χ2=23.7, p<0.0001). Male probands
also had significantly higher rates of enuresis than male siblings (23.2% vs. 10.3%, χ2=5.15,
p=0.02) or male controls (23.2% vs. 11.5%, χ2=7.08, p=0.008). Female probands had
significantly higher rates of enuresis than female controls (14% vs. 4.6%, χ2 = 5.38, p=0.02)
but not female siblings (14% vs. 12%, χ2=0.11, p=0.72). No significant differences in rates of
enuresis were found between siblings and controls in the overall sample or male subset, but
were found in female siblings vs. female controls (12% vs. 4.6%, χ2=5.14, p=0.02). Siblings
of probands with enuresis had significantly higher rates of enuresis than siblings of probands
without enuresis (19.1% vs. 7.0%, χ2=6.56, p=0.01). Thus, familial relative risk for enuresis
in probands with enuresis was calculated to be λS=2.62 (Risch 1990).

Probands with enuresis did not differ from probands without enuresis on any demographic
variable, with the exception of being significantly younger at age of first prodromal symptoms
(17.1 vs. 19.2, t=2.06, p=0.04). In analyses of cognitive data, we found that probands with
enuresis performed significantly worse than probands without enuresis on two measures, both
involving speed-dependent verbal retrieval [Letter Fluency (mean score 31.1 vs. 35.2, t=1.97,
p=0.05, df=200) and Category Fluency (mean score 33.6 vs. 37.8, t=2.15, p=0.03, df=200)].
None of the other contrasts approached significance (all p>0.20, see Table 2). Given the number
of tests performed without alpha correction, it is tempting to consider the verbal fluency
findings as representing chance results. However, a nearly identical pattern of findings emerged
in controls. Controls with enuresis performed significantly worse than controls without
enuresis on Letter Fluency (mean score 40.7 vs. 45.3, t=1.96, df=335, p=0.05, two-tailed), and
showed a trend towards worse performance on Category Fluency (mean score 50.0 vs. 53.8,
t=1.71, df=335, p=0.09, two-tailed) in comparison to controls without enuresis. No other
significant findings were found between the two control groups on neuropsychological
measures. Thus, in both subject groups, enuresis was significantly and selectively associated
with relatively poorer verbal fluency performance alone. No significant differences were found
between siblings with or without enuresis on any neuropsychological measures.

Magnetic Resonance Imaging
The VBM analysis of probands revealed frontal gray matter decreases in those with a history
of enuresis (16 probands with enuresis and 66 probands without enuresis). Specifically, we
found reductions of gray matter volume in the right superior frontal gyrus (BA 9, p<0.001,
t=4.36), right middle frontal gyrus (BA 10, p<0.001, t=3.57), bilateral inferior frontal gyrus
(BA 45, p<0.001, t=3.75), and right superior parietal cortex (BA 7, p<0.001, t=3.74) (see Table
3 and Figure 1).

The VBM analysis on the subset of healthy controls also revealed areas of significantly
decreased gray matter volume in those with a history of enuresis (11 healthy controls with
enuresis and 91 healthy controls without enuresis). More specifically, we found reductions of
gray matter volume in the right medial frontal gyrus (BA 11, p<0.001, t=3.42), right middle
temporal gyrus (BA 21, p<0.001, t=3.42), left middle temporal gyrus (BA 22, p<0.001, t=4.08),
and left cuneus (p<0.001, t=3.75) (see Table 3 and Figure 2).

DISCUSSION
We have found that adult patients with schizophrenia have an increased rate of childhood
enuresis (21%) compared with their healthy siblings (11%) or with normal controls (7%). This
is the first and thus largest study to date of childhood enuresis in adult patients with
schizophrenia, and the only study of adults with a history of enuresis examined with both
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psychological and structural brain imaging. Indeed, we did find evidence that enuresis is
familial (and potentially heritable): the familial risk of enuresis was 2.6 times greater in siblings
of enuretic probands than in siblings of non-enuretic probands. Moreover, we found that at
least healthy female siblings of patients with schizophrenia have a significantly increased
frequency of enuresis, suggesting that enuresis may be related to genetic risk factors for
schizophrenia. In a preliminary report from our group, we had failed to find an increased rate
of enuresis in probands compared to their non-psychotic siblings or controls (Egan et al
2001). However, that report contained a much smaller sample size, particularly for controls,
than the current study and was relatively underpowered.

It is interesting to note that while the age of first diagnosis of schizophrenia was not significantly
earlier for probands with a history of childhood enuresis, prodromal symptoms did appear two
years earlier in these individuals. These findings suggest that childhood enuresis may be a
marker of abnormal brain maturation that predates illness and indicates a predisposition
towards the development of schizophrenia. This is not to say that childhood enuresis is a
determinative and specific risk factor for schizophrenia, as most children with enuresis do not
subsequently develop schizophrenia. The increased familial risk of childhood enuresis in
siblings of probands with a history of childhood enuresis suggests that there may be a genetic
component underlying this maturational defect. That is, the genetic risk factor may be one for
alterations in prefrontal maturation, with childhood enuresis as one consequence, and
schizophrenia as another. Since all enuretic subjects in this study eventually gained volitional
bladder control, the underlying defect primarily is one of delayed or abnormal maturation,
rather than a permanent loss of function.

Our study is not the first to implicate genetic risk in enuresis. In a large Finnish cohort (n=3206),
if fathers were enuretic after age 4, the risk of offspring being enuretic was 7.1 times greater
(Jarvelin et al 1988). Comparing monozygotic (n=1298 pairs) to dizygotic (n=2419 pairs) twin
pairs, the concordance rate for childhood enuresis (at 4 years of age) was significantly higher
in monozygotic twins. This was true in male pairs as well as female pairs (Hublin et al 1998).
Twenty-three percent of probands with childhood enuresis have a positive family history of
childhood enuresis (Wang et al 2007). In our study, the familial risk of enuresis was 2.6 times
greater in siblings of enuretic probands than in siblings of non-enuretic probands. Linkage
analysis in families with a high density of enuretic children have implicated a variety of
chromosomal locations including 4p16.1, 12q, 13q, and 22q11 [see review (von Gontard et al
2001)]. Additional study is clearly needed to better define the genetic basis of childhood
enuresis.

Environmental factors also have been implicated in the etiology of childhood enuresis. In the
past, enuresis was largely attributed to a variety of factors often grouped as “psychosocial
adversity” (Oppel et al 1968; Stein & Susser 1965). However, Fergusson and colleagues
(Fergusson et al 1986) found no association between childhood enuresis and psychosocial
factors including family, social, and economic background, family life events, or changes in
family or residence. While adoption studies might help sort out the relative roles of genes and
environment in the etiology of childhood enuresis, the linkage studies previously cited suggest
a strong heritable component.

The VBM analysis on adult probands revealed that a childhood history of enuresis was
associated with decreased gray matter in several frontal (right BA 9, right BA 10, bilateral BA
45) and one parietal region (right BA 7). In controls, a somewhat different pattern emerged,
with decreased gray matter in frontal (right BA 11) and temporal (right BA 21, left BA 22)
cortices, and the left cuneus. Lesion studies have associated acquired frontal lobe lesions in
adulthood with the development of urinary incontinence (Sakakibara et al 1999). The findings
from subjects with schizophrenia and controls are in agreement with the proposition that the
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frontal lobes are intimately involved in the development and maintenance of volitional bladder
control. The fact that these structural differences are present in adults with no current
incontinence but a childhood history of enuresis suggests that they represent vestigial
developmental pathology that is functionally compensated.

The persistence of structural abnormalities in the adult brain related to early postnatal motor
development has previously been reported with respect to infant motor development. Ridler
and colleagues found that in normal controls, the earlier the age of learning to stand and walk,
the greater the gray matter volumes in the premotor cortex, caudate nucleus, thalamus and
cerebellum in adulthood (Ridler et al 2006). Similar to our findings, the study by Ridler and
colleagues was notable for demonstrating continuity between behavioral markers of early
postnatal development and adult brain structure in humans. Moreover, Ridler and colleagues
found that patients with schizophrenia not only had significant delay in early motor
development, but also had abnormal associations between early motor development scores and
adult premotor cortical gray and fronto-parietal white matter volumes. Similarly, we found that
subjects with delayed acquisition of urinary continence had smaller volumes of several cortical
regions linked to micturition control. These abnormalities were found in both schizophrenics
and normal controls with delayed acquisition of urinary continence, although the precise
anatomical structures involved differed somewhat between groups.

Interestingly, right superior frontal damage has been associated with transient urinary
incontinence in adulthood (Mochizuki & Saito 1990). In adult schizophrenic subjects, we found
that decreased volume of the right superior frontal gyrus was associated with persistent yet
ultimately transient urinary incontinence in childhood. This finding suggests that at least in
schizophrenic subjects, delayed or abnormal development of the right superior frontal gyrus
(BA9) may mediate childhood enuresis.

fMRI and blood-flow PET studies have implicated a wide cortical network in the volitional
control of bladder function, with regional activation dependent upon the choice of
physiological paradigm. Implicated regions include prefrontal, insular, cingulate, and parietal
cortices (Athwal et al 2001; Blok et al 1997; Kuhtz-Buschbeck et al 2005; Matsuura et al
2002; Mochizuki & Saito 1990; Nour et al 2000). In both probands and controls with a history
of childhood enuresis, there appears to be a developmental precursor within this neural network
leading to abnormally small gray matter volumes in multiple prefrontal regions. The
differences in the regions implicated by VBM analysis between probands and controls suggest
that different genetic and/or environmental factors may be at work, altering the growth and
maturation of different aspects of the neural network subserving the development of volitional
bladder control in childhood.

Cognitive assessment with neuropsychological tests revealed that probands with a history of
enuresis performed significantly worse than probands without enuresis on two measures of
timed verbal retrieval (Letter Fluency and Category Fluency). One might have anticipated that
a marker of neurodevelopmental compromise (i.e., childhood enuresis) would be associated
with cognitive ability and academic skill in a broad sense. That is clearly not the case in this
data set; schizophrenic subjects with and without a history of childhood enuresis had very
similar scores on the WRAT-R reading and WAIS-R estimated Full Scale IQ. Instead, both
probands and controls demonstrated specific decreases in both phonemic and semantic fluency.
Such selective decreases in verbal fluency would primarily indicate left frontal and temporal
lobe impairment based on the lesion and functional imaging literature (Baldo et al 2006; Baldo
& Shimamura 1998; Baldo et al 2001; Costafreda et al 2006; Friston 1995; Gourovitch et al
2000; Mummery et al 1996). However, this interpretation is challenged by the fact that we did
not observe any hint of an association between a history of childhood enuresis and poorer
performance on other putative frontal lobe tests, such as the WCST and N-Back (Callicott et
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al 1998; Cohen et al 1997; Glahn et al 2005; Milner 1963; Weinberger et al 1986; Weiss et al
2004). One possible explanation might be that the WCST and N-Back typically activate a
broader working memory network involving dorsal prefrontal areas bilaterally as well as
superior parietal regions (Glahn et al 2005), whereas the fluency “network” involves frontal
and temporal lobe structures, both of which were implicated in the VBM analysis. Thus, a
dissociation of performance on these tasks may be supported by the functional neuroanatomy
subserving performance.

Several studies have reported that language functions are less lateralized to the left hemisphere
in schizophrenic subjects than controls (Sommer et al 2004; Weiss et al 2006). Accordingly,
the right frontal VBM abnormalities noted in schizophrenic subjects with a history of enuresis
might also mediate their poorer performance on tests of timed verbal retrieval. In contrast, the
MRI data showed bilateral temporal lobe volumetric abnormalities in normal subjects with a
history of enuresis. Controls with a history of childhood enuresis also performed more poorly
on tests of timed verbal retrieval, possibly reflecting abnormal temporal lobe development.
Given the relatively broad cortical network subserving volitional bladder control, it is not
altogether surprising that different subregions within this network are differentially affected
in probands and controls.

We did not observe the same effects on fluency in the sibling cohort. The sibling group is, in
many respects, the most problematic of the three groups, presumably having both more risk
and protective alleles for schizophrenia than the controls. This group was also
disproportionately female, and contains the smallest number of enuretic subjects. Furthermore,
it is also clinically heterogeneous. These factors may have obscured any effects on verbal
fluency associated with enuresis.

While this report establishes as association between childhood enuresis and late adolescent/
adult-onset schizophrenia, childhood enuresis has also been associated with a variety of
childhood, adolescent, and adult-onset psychiatric disorders and many neurological disorders
of childhood. These include ADHD (Biederman et al 1995; Neveus et al 2000), Tourette
syndrome (Comings & Comings 1987), and bipolar disorder (Henin et al 2007), as well as less
clearly characterized behavioral disorders of childhood and adolescence (Byrd et al 1996;
Feehan et al 1990; Fergusson & Horwood 1994; Liu et al 2000). These reports are consistent
with the view that childhood enuresis is a general reflection of maturational
neurodevelopmental abnormalities that impede the acquisition of normal developmental
milestones. This is not that surprising, given the complex and widely distributed neural network
subserving volitional bladder control. What is novel here is the frequency with which childhood
enuresis occurs in individuals who subsequently go on to develop schizophrenia, and the
potential heritability of this dysmaturation in their non-schizophrenic siblings. This heritability,
in conjunction with the MRI and neuropsychological testing results, suggests that some of the
variations in genes that contribute liability towards childhood enuresis also may be involved
in frontal lobe growth and development, and as such increase the risk of schizophrenia.

This study has several potential limitations. First, collection of enuresis data by retrospective
maternal report may result in a selective recall bias and/or over-reporting of enuresis in subjects
with schizophrenia. However, the fact that siblings as a group and normal control subjects had
similar rates of enuresis mitigates against this possibility. The alternative strategy, i.e.
prospective recruitment of enuretic subjects who might later develop schizophrenia would be
impractical, and it is unlikely that attempts to gather pediatric records of childhood enuresis
for adult subjects would yield much return, if any, given the age of the subjects in the study.
Another possible limitation in this study is the discrepancy between male and female ratios for
probands and controls. Since enuresis may be more predominant in males, it would be optimal
to gather additional male control subjects in order to control for possible gender effects on our
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findings. However, when analysis was restricted to male subjects, the rates of enuresis were
still significantly higher in schizophrenic subjects than their male siblings or male normal
controls. Moreover, in the siblings, who were better sex matched with controls, there was a
significant difference in frequency of childhood enuresis in the female sibling group.

In summary, childhood enuresis is much more common in schizophrenic subjects than in
controls. There may be a heritable component to childhood enuresis in the families of patients
with schizophrenia, as the non-schizophrenic siblings of schizophrenic subjects with enuresis
also had a higher rate of enuresis. The genetic trait that underlies a familial predisposition
towards childhood enuresis may be involved in prefrontal maturation and development. A
history of childhood enuresis may be a marker of frontal cortical maldevelopment, as both
adult schizophrenic subjects and controls with a history of childhood enuresis performed poorly
on two tests of verbal fluency linked to frontal lobe function. Our anatomic data suggest that
there is a persistent abnormality in regional cortical development, particularly involving
portions of the frontal lobes. Taken together, the findings from this study advance the concept
of schizophrenia being associated with early developmental difficulties, with particular focus
on dysmaturation of the frontal lobes.
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Figure 1. Gray Matter Volume Decreases in Probands with Enuresis Compared to Probands
without Enuresis
This figure depicts the statistical main effects of decreased regional gray matter volume
comparing probands with a history of childhood enuresis to those without a history. The
unthresholded VBM results are overlaid on an AFNI (Analysis of Functional Neuro-Images)
pial surface and color-coded for the statistical t-score. The central figure is the frontal view,
and the other figures, from left to right, are the left lateral, left medial, right medial, and right
lateral hemispheric surface views. The most significant cluster of decreased gray matter volume
in probands with enuresis is in the right superior frontal gyrus, BA 9 (coordinates x=22, y=51,
z=39, p<0.001). Other clusters that were statistically significant are listed in Table 3.
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Figure 2. Gray Matter Volume Decreases in Controls with Enuresis compared with Controls
without Enuresis
This figure depicts the statistical main effects of regional gray matter volume decreases in
healthy controls with a history of childhood enuresis versus those without a history. The
unthresholded VBM results are overlaid on an AFNI pial surface and color-coded for the
statistical t-score. The central figure is a frontal view, and the other figures, from left to right,
are the left lateral, left medial, right medial, and right lateral hemispheric surface views. The
most significant cluster of reduced gray matter volume in healthy controls with enuresis is the
left middle temporal gyrus, BA 22 (coordinates x=−53, y=−43, z=3, p<0.001). There was also
a cluster of decreased gray from the medial frontal gyrus, BA 11 extending into the subgenual
cingulate (coordinates x=0, y=20, z=−12, p<0.001). Other clusters that were statistically
significant are listed in Table 3.
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Table 1
Demographic Data

Variable
Diagnostic Groups

Probands (SCZ)
(n=211)

Siblings
(n=234)

Controls
(n=355)

Age (yrs) 33.7 (9.1) 35.1 (9.0) 31.6 (9.5)
Sex (M/F) 168/43 68/84 139/216
Race # (%) Caucasian 172 (81.5) 130 (85.5) 297 (83.7)
Education (yrs) 14.0 (2.1) 15.9 (2.4) 16.8 (2.4)
WAIS-FSIQ 92.2 (11.4) 106.0 (11.0) 106.9 (9.7)
GAF 46.4 (15.6) 85.9 (6.7) 86.5 (6.3)

Probands with and without Enuresis – Neuropsych subset
Variable SCZ+Enuresis SCZ-Enuresis Group Comparison

(n=45) (n=166)
Age (yrs) 33.2 (9.2) 33.8 (9.0) t=0.43, p=0.67
Sex (M/F) 39/6 129/37 χ2=1.75, p=0.19
Race # (%) Caucasian 38 (84.4) 134 (80.7) χ2=0.33, p=0.57
Prodromal Age 17.1 (6.3) 19.2 (5.6) t=2.06, p=0.04*
Age Onset Illness 20.3 (4.8) 21.6 (5.3) t=1.39, p=0.17
Education (yrs) 13.7 (2.1) 14.1 (2.0) t=1.21, p=0.23
GAF 44.8 (13.9) 46.8 (16.0) t=0.76, p=0.45
Age Offset Enuresis 8.3 (3.3) --- ---

Probands with and without Enuresis – VBM imaging subset
Variable SCZ+Enuresis SCZ+Enuresis Group Comparison

(n=16) (n=16)
Age (yrs) 34.7 (11.2) 33.1 (9.5) t=−0.60, p=0.55
Sex (M/F) 14/2 55/11 Fisher exact, p=0.51
Race # (%) Caucasian 14 (87.5) 53 (80.3) Fisher exact, p=0.40
Prodromal Age 17.6 (6.8) 19.7 (5.4) t=1.31, p=0.20
Age Onset Illness 20.9 (6.2) 21.7 (5.3) t=0.53, p=0.60
Education (yrs) 13.6 (2.2) 14.4 (2.2) t=1.44, p=0.15
GAF 46.1 (11.8) 47.7 (15.9) t=0.39, p=0.70
Age Offset Enuresis 8.8 (2.6) ---

Mean (SD) unless stated otherwise. SCZ=schizophrenia; WAIS-FSIQ=Wechsler Adult Intelligence Scale-revised, full-scale intelligence quotient;
GAF=Global Assessment of Functioning Scale; Prodromal Age=age of onset of prodromal symptoms of schizophrenia

*
p≤0.05.
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Table 2
Neuropsychological Assessment of Probands with and without Enuresis

Variable SCZ+Enuresis
(n=45)

SCZ-Enuresis
(n=166)

Group Comparison

General Intelligence
  WAIS-FSIQ 92.3 (9.3) 92.2 (12.0) t=−0.03, p=0.98

Academic Skill
  WRAT Reading 99.6 (12.8) 101.5 (11.9) t=0.95, p=0.34

Psychomotor Speed
  Trails A 41.8 (18.8) 38.2 (15.3) t=−1.29, p=0.20
  Trails B 95.9 (50.2) 96.1 (52.2) t=0.02, p=0.98

Working Memory
  N-back (1-back) 0.66 (0.25) 0.68 (0.25) t=0.77, p=0.77
  N-back (2-back) 0.51 (0.23) 0.50 (0.23) t=−0.06, p=0.95

Problem Solving
  WCST %PE 39.2 (11.7) 39.4 (12.0) t=0.09, p=0.93

Episodic Memory
  CVLT Standard 23.1 (16.8) 23.4 (15.6) t=0.12, p=0.91
  CVLT Corrected 39.3 (12.8) 39.6 (11.5) t=0.16, p=0.88

Speeded Verbal Retrieval
  Letter Fluency 31.1 (10.1) 35.2 (12.6) t=1.97, p=0.05*
  Category Fluency 33.6 (9.4) 37.7 (11.7) t=2.15, p=0.03*

SCZ=schizophrenia; WAIS-FSIQ=Wechsler Adult Intelligence Scale, full scale IQ; WRAT=Wide Range Achievement Test; WCST=Wisconsin Card
Sorting Test; %PE=percentage of perseverative errors; CVLT=California Verbal Learning Test

*
p≤0.05.
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