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ABSTRACT
Physical symptoms are defined as symptoms for which adequate examination does not
reveal a sufficient underlying root cause, e.g., pain and fatigue. The extant literature of
the neurobiological underpinnings of physical symptoms has been largely inconsistent
and primarily consists of (clinical) case-control studies with relatively small samples
sizes. Therefore, we studied the association of brain morphology with physical symptoms
in pre-adolescents from two independent and population-based cohorts. This study
included 2,683 individuals from the Generation R Study (51% girls, 10.1 ± 0.6 years old)
and 10,567 pre-adolescents from the ABCD Study (48% girls, 9.9 ± 0.6 years old). High‐
resolution structural magnetic resonance imaging (MRI) was collected using 3-Tesla MRI
systems. Physical symptoms were evaluated using the somatic complaints syndrome scale
from the parent-reported school-age version of the Child Behavior Checklist. Linear
regression models were fitted for global brain metrics (i.e., cortical and subcortical grey
matter volume and total white matter volume) as well as surface-based vertex-wise
measures (surface area and cortical thickness). Analyses were initially conducted
separately in each cohort and later meta-analysed. No associations were observed in either
cohort separately. In the combined vertex-wise meta-analysis of both cohorts; the right
hemisphere surface area, most notably the rostral middle frontal gyrus, superior frontal
gyrus and anterior cingulate cortex, were related to physical symptoms after correcting
for multiple comparisons (cluster area = 1,882 mm2). The present study, which is the most
representative and well-powered to date, suggests that surface area, but not other
measures of brain morphology, are modestly related to physical symptoms in preadolescents. While these effects are subtle, future longitudinal research is warranted to
elucidate whether such associations indicate a cause or a consequence of the physical
symptoms.
Keywords: Cohort studies; Epidemiology; Gray matter; Neuroimaging; Paediatrics;
Psychiatric symptoms; QDECR; Vertex-wise analysis.
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INTRODUCTION
Physical symptoms are defined as symptoms for which adequate examination does not
reveal a sufficient underlying root cause. Physical symptoms are also known as somatic
symptoms and medically unexplained physical symptoms (Creed et al., 2010). Physical
symptoms are mostly related to the presence of pain, fatigue and functional disturbances
in organ systems such as dizziness or bowel symptoms (Henningsen et al., 2007). The
estimated prevalence of physical symptoms in children and adolescents is high; ranging
from 18% and 31% (Berntsson and Köhler, 2001). In some youth, physical symptoms
become persistent and disabling, which imposes a burden on individuals, families, and
the health system. For instance, persistent physical symptoms in young are related to
increased health care costs (Groenewald et al., 2014) and school absences (Gubbels et al.,
2019).
Central sensitisation, or neurobiological alterations in general, is the most widely
speculated cause of persistent physical symptoms (Bourke et al., 2015; den Boer et al.,
2019). Neuroimaging methods, such magnetic resonance imaging (MRI), enable to
evaluate the activity and structure of the brain and its relationship with these symptoms.
To date, most of the previous neuroimaging studies were conducted using structural brain
imaging data in small sample sizes in adults. Results in general did not replicate in
subsequent research in independent samples (Boeckle et al., 2016) with a number of
exceptions. In comparison to peers without symptoms, children with persistent physical
symptoms have shown lower grey matter volume in the cingulate cortex (Bhatt et al.,
2019; Boeckle et al., 2016) and prefrontal cortex (Bhatt et al., 2019; Hubbard et al., 2016).
Cortical volume is determined through the cortical thickness (i.e., the distance between
white matter and pial surfaces) and the surface area (composed of the convex hull area
and the area of cortex hidden in sulci), which are shown to be accurate measures for
examining deviations in typical brain development (Raznahan et al., 2011). Particularly,
exploring the role of cortical thickness and surface area in the development of physical
symptoms might help to understand whether volumetric differences are driven by
associations with cortical thickness, surface area or both.
Although the research is inspiring and informative, most of the studies have relied on
comparing brain morphology between small samples of people with and without a clinical
diagnosis of a specific physical symptom disorder (i.e., case-control studies in specific
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disorders). However, physical symptoms lie on a continuum in the general population
(Henningsen et al., 2007; Richardson and Engel, 2004; Wolfe et al., 2013). Thus,
dimensional approaches are needed in the search for neurobiological features which are
associated with the symptoms. In addition to improving our understanding of physical
symptoms along a continuum, population-based cohort studies offer larger samples which
may help overcome the inconsistencies in the literature and to identify new brain features
associated with physical symptoms. The association of brain structure with early
symptoms in undiagnosed and untreated persons is of interest, because any
neuroplasticity related to persistent physical symptoms is expected to be negligible in this
population. Thus, the aim of this population-neuroimaging study was to examine the
association of brain structure with dimensional physical symptoms in pre-adolescents
from two large, independent population-based cohorts. On the basis of previous evidence,
we hypothesise that lower grey matter volumes in the cingulate cortex (Bhatt et al., 2019;
Boeckle et al., 2016) and prefrontal cortex (Bhatt et al., 2019; Hubbard et al., 2016) and
supplementary motor cortex (Hubbard et al., 2016; Kutch et al., 2017) are associated with
more physical symptoms. It remains open whether the hypothesis will be confirmed for
cortical thickness, surface area or both.
METHODS
Design
This cross-sectional study was embedded in two independent population-based cohorts:
(i) the Generation R Study, the Netherlands and (ii) Adolescent Brain Cognitive
Development (ABCD) Study, USA.
Participants
The Generation R Study is a population-based cohort of maternal and child health from
foetal life onward. A detailed description of the Generation R study is available
(Kooijman et al., 2016). Briefly, between March 2013 and November 2015, participants
aged 8 to 12 years visited a study‐dedicated research centre for a detailed behavioural
assessment (Kooijman et al., 2016) and also underwent MRI scan (White et al., 2018). Of
the 3992 children who visited our research centre, 3265 participants have data on both
physical symptoms and MRI, and 2,683 datasets were available for statistical analyses.
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Figure 1 illustrates the exclusions in detail. The Medical Ethics Committee of the Erasmus
Medical Center approved all study procedures (Approval number: MEC-2012–165NL40020.078.12), and all caregivers provided written informed consent.
The ABCD Study is a population-based cohort study of brain development and child
health. We used data from the baseline assessment (release 2.0.1) of the ABCD Study
(Volkow et al., 2018). An extensive description of the study is provided elsewhere
(Garavan et al., 2018; Volkow et al., 2018). Briefly, participants in the ABCD study were
recruited at 21 sites across the United States. The baseline cohort of the ABCD study
includes data from 11,875 children between 9 and 10 years of age. Of them, 10,567
participants have data on both physical symptoms and MRI and were included the final
sample. Figure 1 illustrates the flowchart of participants. Centralized institutional review
board (IRB) approval was obtained from the University of California, San Diego, USA.
Study sites obtained approval from their local IRBs. Written, informed consent and assent
were provided by each parent and child, respectively.
Neuroimaging: brain structure
Detailed descriptions of the scan protocol, imaging procedures, and subsequent
processing of the imaging data of the Generation R (Muetzel et al., 2019; White et al.,
2018) and ABCD (Casey et al., 2018; Hagler et al., 2019) studies are available. Briefly,
both studies performed high‐resolution structural MRI that were collected using 3-Tesla
MRI systems. Data quality assurance was a multi-step process including both manual
review by trained technicians and automated software (Hagler et al., 2019; Muetzel et al.,
2019). Data from both cohorts were processed through FreeSurfer (version 6.0) on the
same high-performance computing system. Surface-based maps of surface area and
cortical thickness were co-registered to a common stereotactic space, and smoothed with
a 10mm full width half max Gaussian kernel.
Physical symptoms
In both the Generation R study and ABCD study, mother-reported data on the somatic
complaints syndrome subscale from the school-age version (for ages 6 to 18) of the Child
Behavior Checklist (CBCL) was used to assess child physical symptoms (Achenbach and
Rescorla, 2000). The CBCL is a validated and reliable inventory that uses caregiver-
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reported information to assess behavioural problems in children (Ivanova et al., 2010).
The caregivers rated behaviour problems of the child in the previous 6 months using a
three-point Likert scale (0 = not true, 1 = somewhat true, 2 = very true). The CBCL is
composed by 7 subscales. The somatic complaints subscale includes the presence of the
following signs: (i) nightmares, (ii) constipation, doesn’t move bowels, (iii) dizziness,
(iv) overtiredness without a good reason, and (v) physical problems without known
medical cause: headaches, stomach aches, other aches/pain, nausea/feels sick, problems
with eyes (not if corrected by glasses), rashes/skin problems and vomiting/throwing up.
The scores of the CBCL somatic complaints subscale range from 0 to 22, with higher
scores indicating more physical symptoms.
Potential confounders
Age (in years old), sex (boy or girl), ethnicity, mother education for Generation R and
parental education for ABCD, monthly household income, body mass index (BMI,
calculated as weight (kg) / height (m2)) and non-verbal intelligence quotient (IQ) were
assessed in the Generation R study and ABCD study.
Statistical analyses
Analyses were run using the R statistical software (version 3.4.3). For the global brain
structure metrics, we conducted a set of separate linear regression models with brain
structure as the independent variable and physical symptoms (continuous somatic
complaints syndrome subscale from the CBCL, square root transformed) as the dependent
variable. The model was adjusted for estimated intracranial total volume, age, sex,
ethnicity, mother/paternal education, household income, BMI and IQ.
Surface-based vertex-wise analyses were conducted using the R package QDECR
(Lamballais and Muetzel, 2021). At each cortical vertex, we examined the association of
cortical thickness and surface area with physical symptoms. The model included the same
covariates as the model for the global brain structure described above, except that
estimated intracranial total volume was not included. Resulting p-value maps were
corrected for multiple comparisons at the vertex level using Gaussian Monte Carlo
Simulations (Hagler et al., 2006). Surface-based analyses may show non-Gaussian
patterns of spatial correlations, which would increase the false positive rate higher than
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0.05. We therefore set the cluster forming threshold to p = 0.001, as this has shown high
correspondence with actual permutation testing across all surface measures (Greve and
Fischl, 2018). We further applied Bonferroni correction to account for analysing both
hemispheres separately (i.e. p < 0.025 cluster-wise). Surface-based vertex-wise analyses
were conducted first in each cohort separately. Next, the results from both cohorts were
pooled using meta-analyses.
Missing covariate data were observed: (i) in the Generation R study for ethnicity, body
mass index, maternal education (all, ≤1%) and monthly household income and non-verbal
intelligence quotient (both, ~10%) and (ii) in the ABCD study for BMI, race/ethnicity,
parental education (all, ≤1%) and non-verbal intelligence quotient (2.2%). Missing
covariate data were estimated by multiple imputation with the R package MICE (van
Buuren and Groothuis-Oudshoorn, 2011). With 100 iterations, a total of 40 imputed
datasets were generated, and results were pooled using Rubin's rules (Rubin, 2004).
RESULTS
Figure 1 illustrates the flowchart of participants. In the Generation R cohort, 3,992
participants were recruited. Of these, 727 (18%) were excluded due to incomplete
assessments, 18 (0.4%) due to incidental MRI findings, and 564 (14%) because of
unusable MRI data. In the ABCD cohort, 11,875 participants were included at baseline
(the 2.0.1 curated release). Of these, 846 (7.1%) and 462 (3.9%) were excluded because
of incomplete assessments or poor FreeSurfer quality control, respectively (see Figure 1
for details).

Figure 1. Flowchart of participants.
ABCD, Adolescent Brain Cognitive Development. MRI, magnetic resonance imaging.
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The final total sample of the present study comprised 13,250 participants. Table 1 shows
the characteristics of 2,683 participants from the Generation R cohort, most were of Dutch
national origin (65.8%). Table 2 shows the characteristics of 10,567 participants from the
ABCD cohort. The majority of the participants were of Non-Hispanic White ethnicity
(52.9%), Hispanic (20.3%) or Black (14.5%) race/ethnicity.
Table 1. Characteristics of the participants in the Generation R study (n=2,683).

Age
Body mass index
Non-verbal intelligence quotient
Physical symptoms (CBCL)

Mean
10.1
17.4
103.8
1.5
N
1356

SD
0.6
2.5
14.7
2.0
%
50.5

Sex, female
National origin
Dutch
1747 65.1
Caribbean
225
8.4
Non-Dutch Western
225
8.4
Non-Western: Moroccan or Turkish
213
7.9
African
124
4.6
Non-Western: American or Asian
108
4.0
Indonesian
15
0.6
Missing data
26
1.0
Maternal education level
No/Primary/Secondary studies
1773 66.1
Higher education
879 32.8
Missing data
26
1.1
Monthly household income
≤ € 2,000
384 14.3
> 2,000 to ≤ 3,200
611 22.8
> 3,200
1364 50.8
Missing data
324 12.1
Note. Non-imputed data are shown. CBCL, the child behavior checklist. SD, standard
deviation.
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Table 2. Characteristics of the participants in the ABCD study (n=10,567).

Age
Body mass index
WISC-V Matrix Reasoning Total Score
Physical symptoms (CBCL)

Mean
9.9
18.7
9.9
1.5
N
5046

SD
0.6
3.9
3.0
2.0
%
47.8

Sex, female
Race/ethnicity
White
5586
52.9
Black
1532
14.5
Hispanic
2150
20.3
Asian
213
2.0
Other
1072
10.1
Missing data
14
0.1
Highest parental education
< High School Diploma
502
4.8
High School Diploma/GED
987
9.3
Some College
2752
26.0
Bachelor
2695
25.5
Post Graduate Degree
3619
34.2
Missing data
12
0.1
Monthly household income
Low
2820
26.7
Middle
2762
26.1
High
4102
38.8
Missing data
883
8.4
Note. Non-imputed data are shown. CBCL, the child behavior checklist. SD, standard
deviation. GED, General Educational Development.
Table 3 shows regression analyses for the association of physical symptoms and the
global metrics of brain structure. None of the associations were statistically significant
and, in general, the unstandardised regression coefficients were small. For example, in
the Generation R, for every unit increase in physical symptoms (square root transformed),
there was a 6.4 x10-4 cm3 decrease in cortical grey matter volume. Similarly, for ABCD,
for every unit increase in physical symptoms (square root transformed), there was a 3.2
x10-4 cm3 decrease in total white matter volume. Meta-analysis confirmed the lack of
statistically significant associations between the global metrics of brain structure and
physical symptoms (all, p-values ≥ 0.4).
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Table 3. Associations of brain structure with physical symptoms.
Generation R study (N=2,683)
Cortical grey matter volume (cm3)

Physical symptoms

b

SE

-6.4 x10-4

6.5 x10-4

punc

pFDR

0.327

0.944

Subcortical grey matter volume (cm3)
b

SE

1.9 x10-2

1.1 x10-1

Total white matter volume (cm3)

punc

pFDR

b

SE

0.866

0.944

-3.3 x10-4

7.4 x10-4

punc

pFDR

0.654

0.944

ABCD study (N=10,567)
Cortical grey matter volume (cm3)

Physical symptoms

B

SE

-2.1 x10-5

2.5 x10-4

Subcortical grey matter volume (cm3)

punc

pFDR

b

SE

0.933

0.937

-6.9 x10-4

3.1 x10-3

Total white matter volume (cm3)

punc

pFDR

b

SE

0.820

0.937

-3.2 x10-4

3.1 x10-4

punc

pFDR

0.299

0.784

Note. b, unstandardised coefficient regression; SE, standard error; unc, uncorrected; FDR, False Discovery Rate.
The model was adjusted for age, sex, ethnicity, estimated intracranial volume, mother education, body mass index and non-verbal intelligence
quotient. Physical symptoms were assessed using the school-age version (for ages 6 to 18) of the Child Behavior Checklist (CBCL).
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In order to determine whether there were any focal associations between brain structure
and physical symptoms, we used a stepped approach. First, whole-brain vertex wise
analyses were conducted in each cohort separately. We found no associations between
brain structure (i.e. surface area and cortical thickness) and physical symptoms in the
individual cohorts after adjusting for multiple comparisons. Second, we pooled results
from both cohorts using meta-analyses. Figure 2 shows that physical symptoms were
related to surface area in five clusters in the right hemisphere. The largest cluster had a
size of 1468 mm2, with 98% of the vertices in the frontal lobe. The second largest cluster
was 204 mm2, and was located primarily in the temporal lobe (e.g., the middle temporal
gyrus, inferior temporal gyrus). Two small clusters were found in the caudal anterior
cingulate cortex (total area 104 mm2), and another was observed in the rostral anterior
cingulate cortex (46 mm2).

Figure 2. In red, significant associations between the surface area of the right hemisphere
and physical symptoms from meta-analyses after correction for multiple testing
(N=13,250). Panel A, lateral view. Panel B, medial view.
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DISCUSSION
Leveraging a dimensional approach for measuring (early signs) of physical symptoms in
two independent and large cohorts of pre-adolescents from the general population, we
found an association between subtle modifications of the surface area of the right
hemisphere and physical symptoms. In line with the underpowered correlation paradox
(Marek et al., 2020), the magnitude of the significant associations found in the present
study was subtle and smaller than previously reported from small sample size studies. To
have confirmed that there is an association between subtle alterations of the surface area
of the right hemisphere and physical symptoms in the pre-adolescents general population
is of relevance for, at least, two particular reasons (Dick et al., 2021). First, physical
symptoms are better understood as a complex trait in which a combination of many smalleffect contributions are expected rather than large contributions for a few factors (Boyle
et al., 2017). Second, these subtle effects may accumulate over childhood and adolescence
imposing a burden for future health such as the development of disorders characterised
by the presence of physical symptoms in adulthood (Wenar and Kerig, 2011).
In the present study, most of the significant associations with physical symptoms were
located in hypothesised regions; i.e., mostly in the cingulate cortex and prefrontal cortex
but also in the insula. A meta-analyses concluded that, in comparison to adults from the
general population, those with somatoform disorders showed atypical features in the
anterior cingulate cortex and prefrontal cortex (Boeckle et al., 2016). Additionally, a
previous study showed that, in comparison to controls, adolescents with irritable bowel
syndrome had lower grey matter volume in the cingulate cortex and prefrontal cortex
(Bhatt et al., 2019). Among other functions, these two areas are related to cognitive and
affective aspects of physical symptoms (Galambos et al., 2019; Johansen et al., 2001).
Further longitudinal research is warranted to elucidate the temporality of the association
observed from the present study. Particularly, to determine whether (i) children with a
brain structure related to a worse cognitive and affective control are more prone to
experience physical symptoms or (ii) to experience more physical symptoms led children
to have a worse cognitive and affective control that impact in the structure of the brain.
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Some hypothesis of the present study were not confirmed. In particular, our findings are
not in line with a previous study showing that children with complex regional pain
syndrome, in comparison to control, had lower grey matter volume in the motor cortex
(Erpelding et al., 2016). More recently, Pirwani et al., 2020 have compared brain structure
of children and adolescents with persistent gastrointestinal symptoms and nonsymptomatic peers. The finding by Pirwani et al., 2020 also showed differences in the
supplementary motor area. Interestingly, Pirwani et al., 2020 conducted complementary
analyses stratifying the cases and controls by age range (i.e., pre-adolescents, adolescents
and young adults with age ranges of 8 to 10, 11 to 16 and 17 to 21 years old, respectively).
Using this approach, they concluded that not all the differences in brain structure emerged
for the pre-adolescent group (Pirwani et al., 2020). Considering that the developmental
trajectory of grey matter volume typically follows an inverted U-shape (Giedd et al.,
1996; Lenroot and Giedd, 2006), pre-adolescents participating in the present study may
be at different stages of development resulting in a heterogeneous group regarding brain
development. To corroborate this hypothesis, future longitudinal population-based
research is warranted.
Contribution of the present study to the field
The design of the present study allows to better understand the association between brain
structure and physical symptoms in pre-adolescents. A number of features of this study
deserve attention. First, though physical symptoms lie on a continuum in the general
population (Henningsen et al., 2007; Richardson and Engel, 2004; Wolfe et al., 2013), to
the best of our knowledge, no study has previously investigated the association between
physical symptoms dimensionally and brain structure in the general population. Second,
previous studies mostly focused on children and adolescents diagnosed with a (chronic)
disorder (i.e., irritable bowel syndrome (Bhatt et al., 2019; Hubbard et al., 2016)) or
experiencing persistent physical symptoms (e.g., gastrointestinal symptoms (Pirwani et
al., 2020)). In the present study, participants were recruited from the general population,
which likely results in more generalisable findings. Third, we included two independent
cohorts. Each of the cohorts included in the present study involved more than 2,000
participants, which is in line with the most recent rule-of-thumb recommendations to
ensure the robustness and replicability of associations between brain and behaviour (Dick
et al., 2021; Marek et al., 2020).
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Strengths and limitations
A number of limitations of the present study deserve attention. First, our cross-sectional
design did not allow us to test the directionality of our findings. Second, the narrow range
of age precludes the generalisation of the findings to younger or older ages. Third, as
most of the epidemiological studies (Palermo et al., 2014), we only evaluated presence of
the symptoms but not their impact. A more comprehensive assessments of physical
symptoms may help to better understand the association under study. Third, because the
information provided by different MRI modalities is complementary, future multi-modal
neuroimaging studies are warranted to analyse different features of the brain such as its
structure and function. In the context of physical symptoms in children and adolescents,
to include both structural and functional MRI are of particular relevance (Palermo, 2020).
An important strength of the present study is the inclusion of two cohorts. Although the
cohorts were not fully harmonised, the same questionnaire was used to assess physical
symptoms and similar methods were used to measure and analyse brain structure.
Additional strengths are that the cohorts are ethnically diverse and from the general
population and the study of physical symptoms along a continuum. Thus, as opposed to
the previous literature in the field, the present study ensured a better generalisability of
our findings in a broader context (Lewinn et al., 2017; Tiemeier and Muetzel, 2020).
Conclusions
Pooling data from two independent and large cohorts including a total of 13,250 preadolescents from the general population and using a dimensional approach for measuring
(early signs) physical symptoms, we found cross-sectional associations between surface
area of the right hemisphere and physical symptoms. These associations with physical
symptoms were subtle and mostly emerged from regions related to cognitive and affective
aspects of physical symptoms (e.g., the middle frontal gyrus and anterior cingulate cortex)
and semantic memory (e.g., temporal pole). This is the first population neuroimaging of
physical symptoms, that representative for adolescent populations in high income
countries, and well-powered. Future longitudinal research is warranted to understand the
longitudinal relationship of the associations under study. In particular, to elucidate
whether subtle brain modifications are potential causes or consequences of physical
symptoms.
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(v.jaddoe@erasmusmc.nl), in accordance with the local, national, and European Union
regulations.
The ABCD data repository grows and changes over time. The ABCD data used in this
report came from the ABCD Data Release 2.0 (DOI: 10.15154/1503209, March 2019)
and ABCD Fix Release 2.0.1 (DOI: 10.15154/1504041, July 2019).
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