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A B S T R A C T

22q11.2 Deletion Syndrome (22qDS) is a neurogenetic disorder resulting in cognitive deficits and hypogyr-
ification, but relationships between these processes have not been established. 22qDS youth and healthy controls
(HC) were administered a battery of cognitive tasks. Gyrification measurements were extracted from structural
T1 scans using Freesurfer, contrasted between groups, and correlated to cognition. Data was adjusted for age,
sex, socio-economic status and intracranial volume. 22qDS displayed significant hypogyrification which was
associated with poorer executive functioning and verbal learning in orbitofrontal and anterior cingulate cortex.
Our preliminary findings identified neurodevelopmental deficits in 22qDS shown by hypogyria, which relate to
cognitive impairments.

1. Introduction

22q11.2 Deletion Syndrome (22qDS), also known as velocardiofa-
cial syndrome, is a neurogenetic disorder caused by a hemizygous mi-
crodeletion of 1.5–3 megabases (Mb) on chromosome 22 and results in
medical manifestations including congenital heart disease and immune
dysfunction (Shprintzen, 2008; Tezenas Du Montcel et al., 1996).
22qDS has been associated with abnormalities in motor development,
learning, intelligence, and behavior (Shprintzen, 1999; Swillen et al.,
1998). Individuals with 22qDS have a greater risk factor for psychiatric
disorders with executive functioning deficits such as autism and schi-
zophrenia (Schneider et al., 2014). Approximately 25–32% of in-
dividuals with 22qDS develop psychosis (Green et al., 2009; Murphy
et al., 2000), thus is an important model for studying genetic risk fac-
tors for psychosis.

Gyrification (cortical folding) is important for understanding the
neurodevelopmental markers of psychosis and has been proposed as an
endophenotype for psychosis (Nanda et al., 2014; White and
Gottesman, 2013). Gyrification develops when neuronal migration and
proliferation processes are complete (Gertz and Kriegstein, 2015; Neal
et al., 2006). Disruptions in these processes impact human sulcal and
gyral patterns (Rakic, 1995; Stewart et al., 1975) and have been de-
monstrated in 22qDS mouse models (Maynard et al., 2003; Meechan

et al., 2009). These reported disruptions suggest a plausible cause for
gyrification alterations shown in MRI studies of 22qDS patients
(Karayiorgou et al., 2010). Hypogyrification has been consistently re-
ported in 22qDS (Kunwar et al., 2012; Schaer et al., 2006), specifically
in regions including the midline cortex (medial prefrontal, cingulate,
precuneus, and orbitofrontal) as well as middle frontal, inferior frontal
gyrus, motor and parietal cortex (Schaer et al., 2009; Schmitt et al.,
2015; Srivastava et al., 2011).

While gyrification alone has been examined in individuals with
neurodevelopmental disorders, including 22qDS, its relationship to
cognition has not been well documented. Despite some studies showing
that higher gyrification is associated with better cognition in healthy
individuals (Chung et al., 2017; Gregory et al., 2016), this finding has
not been replicated in 22qDS. Though one study reported increased
occipital gyral complexity in 22qDS compared to controls, there were
no significant relationships to IQ (Bearden et al., 2009). To our
knowledge, no studies have reported the relationships between gyr-
ification and cognition in 22qDS. Our goals are to: 1. Investigate gyr-
ification in 22qDS youth compared to healthy children in regions ty-
pically reported in the literature (bilateral anterior cingulate (ACC),
superior frontal, dorsal lateral prefrontal cortex (DLPFC), medial and
lateral orbitofrontal (mOFC and lOFC), precuneus and superior parietal
cortex) and 2. Assess their relationship to cognition (executive
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functioning, verbal memory, fine-motor sequencing and set-shifting,
and attention). We predict that these regions will show hypogyrification
and will associate with poorer cognition in 22qDS youth.

2. Material and methods

2.1. Participants

Children diagnosed with 22qDS with no history of psychosis
(n=16) were age-matched to healthy controls (HC, n=22).

The measurement battery included previously reported cognitive
tasks that showed impairments in 22qDS (Hooper et al., 2013): WISC-IV
Full-Scale IQ, Continuous Performance Task (CPT) Fast and Slow
Numbers d’, California Verbal Learning Test (CVLT) Children's Version
Total Z score, fine-motor sequencing and set-shifting (Trail Making Test
A and B), and Wisconsin Card Sorting Test (WCST) Categories Complete
(CC) and Perseverative Errors (PE) Standard Scores (higher scores in-
dicating better performance).

2.2. Imaging

T1 Spoiled GRASS (3T) images were processed using Freesurfer 4.3
to obtain local gyrification index (LGI) (Schaer et al., 2008). LGI was
calculated using the ratio of the surface area of cortex within the sulcal
folds compared to the surface area of cortex on the outer surface
(Schaer et al., 2008). LGI values ranges from one to five such that lower
cortical folding (hypogyrification) would have a smaller gyrification
index and would correspond to abnormal neurodevelopment. ACC LGI
was calculated by averaging the rostral and caudal anterior cingulate
cortex and DLPFC LGI by averaging the rostral and caudal middle

frontal cortex.

2.3. Statistical analysis

Demographic variables were compared between groups via chi-
squared tests and t-tests. LGI contrasts between 22qDS and HC were
examined using an analysis of covariance. Significant regions
(p < 0.05, corrected) were assessed in the secondary analysis in rela-
tion to cognition using partial Spearman correlations. Neurocognitive
relationships with significant LGI regions were evaluated within its
respective category: IQ, attention and executive functioning (CPT), fine-
motor sequencing and set-shifting (Trail Making Test), verbal memory
(CVLT), and executive functioning (WCST).

All data were adjusted for age, sex, and socioeconomic status (SES),
and LGI was also adjusted for total intracranial volume (ICV).
Correlations were reported with and without IQ as a covariate. False
Discovery Rate (FDR) correction was performed across seven regions
(within hemisphere) for group contrasts. Partial correlations were FDR
corrected for significant LGI regions (bilateral mOFC, left ACC, right
superior frontal, and right lOFC) by cognitive domains (IQ, CPT, Trail
Making Test, CVLT, WCST). Effect sizes were calculated using Cohen's
d.

Refer to supplementary methods for more information pertaining to
inclusion criteria, neurocognitive testing, imaging and statistical ana-
lyses.

Fig. 1. Group Comparisons and Partial Correlations Between LGI (local gyrification index) regions and Cognition in 22q11.2 deletion syndrome (22qDS) youth. A)
FreeSurfer Region of Interest Atlas; 1. medial orbitofrontal (mOFC), 2. anterior cingulate (ACC), 3. superior frontal, 4. precuneus, 5. lateral orbitofrontal (lOFC), 6.
dorsal lateral prefrontal cortex (DLPFC) and 7. superior parietal. B) Effect sizes (Cohen's d) displaying significant (p < 0.05, corrected) decreases in gyrification for
22qDS youth compared to HC. Regions include left ACC, left mOFC, right superior frontal, right mOFC and right lOFC. Correlations in 22qDS youth Between C) IQ
and left ACC, left mOFC, right superior frontal and right lateral orbitofrontal LGI; D) Wisconsin Card Sorting Test (WCST) Categories Complete (CC) and left ACC and
left mOFC LGI; E) WCST Perseverative Errors (PE) and right mOFC and right lOFC LGI; and F). California Verbal Learning Test (CVLT) Z-Score and left ACC and left
mOFC LGI. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Results

3.1. Demographics

Our sample contained 16 22qDS (8 males, 8 females, 11.25 ± 1.86
years old) and 22 HC (8 males, 14 females, 12 ± 1.39 years old;
Supplementary Table 1). The groups showed no significant sex, age, or
ICV differences, but 22qDS showed significantly lower SES than HC
(F=12, p < 0.01).

3.2. Group differences

22qDS showed significantly (p < 0.05, corrected) lower LGI com-
pared to HC in the mOFC (bilateral), left ACC, right superior frontal,
and right lOFC (Fig. 1B). These regions were then included in the sec-
ondary analysis. LGI group differences that were significant before
multiple comparisons are listed in supplementary results.

3.3. LGI and cognition correlations

In 22qDS youth, higher LGI in left ACC, left mOFC, right superior
frontal, and right lOFC significantly correlated with higher IQ
(p < 0.05, corrected, Fig. 1C, Supplementary Table 3). In 22qDS youth,
higher left ACC and mOFC LGI was significantly (p < 0.05, corrected)
associated with higher WCST CC and (Fig. 1D, Supplementary Table 4).
Poorer performance in WCST PE significantly correlated (p < 0.05,
corrected) with lower right mOFC and lOFC LGI (Fig. 1E, Supplemen-
tary Table 4). 22qDS youth also showed significant associations
(p < 0.05, corrected) between both the higher left mOFC and left ACC
LGI and better CVLT performance (Fig. 1F, Supplementary Table 5).
After including IQ as a covariate, LGI was not significantly related to
WCST or CVLT (data not shown).

In HC, no significant correlations between gyrification and cognitive
function or intelligence were observed (see Supplementary Tables 3–5
for LGI correlations with IQ, WCST and CVLT).

Additional correlations that are significant before multiple com-
parison correction in 22qDS youth and HC between LGI and IQ, Trail
Making Test Parts A and B, CPT, and WCST are described in
Supplementary Results.

4. Discussion

In our study, 22qDS youth displayed hypogyrification compared to
HC in bilateral mOFC, right lOFC, left ACC, and right superior frontal
cortex. In 22qDS youth, higher LGI in left ACC, left mOFC, right su-
perior frontal, and right lOFC significantly correlated with higher IQ.
Better executive functioning associated with increased gyrification in
the bilateral mOFC, right lOFC, and left ACC in 22qDS youth, greater
verbal learning performance correlated to increased left mOFC and left
ACC gyrification and these results were no longer significant after
controlling for IQ. In HC, no significant gyrification-cognition re-
lationships were observed.

Our observation that 22qDS youth show hypogyrification in the
medial prefrontal and lateral orbitofrontal cortex is consistent with
previous hypogyrification findings in the medial frontal and parietal
cortex (Schaer et al., 2006; Schmitt et al., 2015; Srivastava et al., 2011).
With regards to a neurobiological mechanism, 22qDS animal models
showed neuronal migration disruptions after a 1.5Mb deletion
(Maynard et al., 2003; Meechan et al., 2009; 2012). Separate studies
have shown that neuronal migration lays a foundation for gyrification
in ferrets (Neal et al., 2006), and both pachygyria and lissencephlia are
associated with reduced cortical neuronal migration in humans
(Guerrini and Marini, 2006; Sheen et al., 2006). We infer that 22qDS in
humans results in neuronal migration disruptions, leading to gyrifica-
tion abnormalities. Furthermore, Cao et al. observed a logarithmic de-
crease in human gyrification using in vivo MRI in ages 4 to 83 such that

patients with schizophrenia show accelerated reductions in dorsal lat-
eral prefrontal cortex, ACC and supramarginal cortex (Cao et al., 2017).
Our data supports that patients' with 22qDS show hypogyrification at a
young age, suggesting that accelerated gyrification reductions may
have important implications in the onset of psychosis.

To our knowledge, we are the first study to report that hypogyr-
ification associates with poorer cognition in 22qDS youth, which have
been reported in other populations with neurocognitive deficits like
Prader-Willi Syndrome (Lukoshe et al., 2014). Additionally, a LgDel
(Large Deletion) mouse model of 22qDS displayed diminished cortical
circuit elements (interneurons, synaptic terminals and projection neu-
rons) in the medial anterior frontal cortex, and the altered projection
neuron frequencies predicted subsequent executive functioning deficits
in affected mice (Meechan et al., 2015). Given that both a diminished
22q11 dosage alters cortical circuitry and reduces gyrification, and
these neurodevelopmental findings have demonstrated associations
with cognition, subsequent studies should replicate these findings in
humans and other animal models with human-like gyrification patterns
such as ferrets (Neal et al., 2006). Our gyrification-cognition relation-
ships were no longer significant after controlling for IQ in 22qDS youth,
which could be explained by the collinearity between IQ and cognition
(Dennis et al., 2009). Therefore, controlling for IQ in a neurodevelop-
mental population with cognitive deficits is likely to remove any major
source of variance contributed by cognition (Dennis et al., 2009).

Previous studies have reported gyrification-cognition relationships
in healthy adolescents (Chung et al., 2017; Gregory et al., 2016);
however, we observed no such relationships in HC. Decreases in gyr-
ification during adolescence may reflect the emergence of higher cog-
nitive functions such that cognitive-gyrification relationships are
strengthened during mid-adolescence (Chung et al., 2017; White et al.,
2010). Our HCs’ ages ranged 9.12–14.44 years, so it is possible that
these relationships will not mature until later in neurodevelopment.
Furthermore, longitudinal gyrification in 22qDS youth remains lower
than in healthy controls throughout childhood and adolescence (Kates
et al., 2011; Kunwar et al., 2012), suggesting abnormal neurodeve-
lopment that may lead to incomplete maturation that could underlie
cognitive dysfunction.

Our work suggests that cognitive deficits observed in 22qDS youth
are associated with underlying gyrification abnormalities. Adolescence
is a crucial period for cognitive development, and is also a time where
the incidence of psychosis begins to increase. Cognitive decline has
shown to be a predictive factor in conversion to psychosis in 22qDS
(Antshel et al., 2017; Tang and Gur, 2017) as well as gyrification in
relation to psychotic symptoms (Kunwar et al., 2012), but the latter has
not been largely replicated. We acknowledge our limitations; we had a
small sample size with cross-sectional data, so we could not assess
longitudinal gyrification-cognitive relationships. Future studies should
investigate gyrification-cognition relationships in 22qDS youth across
all stages of development using larger sample sizes, in longitudinal
studies, as well as in later adolescence and examine how these asso-
ciations may differentiate those who convert to psychosis.
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