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Abstract

Background: Abnormalities in fronto-striatal-thalamic (FST) sub-circuits are present in
schizophrenia and are associated with cognitive impairments. However, it remains unknown
whether abnormalities in FST sub-circuits are present before psychosis onset. This may be
elucidated by investigating 22q11.2 deletion syndrome (22q11DS), a genetic syndrome associated
with a 30% risk for developing schizophrenia in adulthood and a decline in Verbal 1Q (VIQ)
preceding psychosis onset. Here we examined white matter (WM) tracts in FST sub-circuits,
especially those in the dorsolateral (DLPFC) and ventrolateral prefrontal cortex (VLPFC) sub-
circuits, and their associations with VI1Q in young adults with 22q11DS.

Methods: Diffusion MRI scans were acquired from 21 individuals with 22q11DS with prodromal
symptoms of schizophrenia, 30 individuals with 22q11DS without prodromal symptoms, and 30
healthy controls (mean age: 21+2 years). WM tracts were reconstructed between striatum and
thalamus with rostral middle frontal gyrus (rMFG) and inferior frontal gyrus (IFG), representing
DLPFC and VLPFC respectively. Fractional anisotropy (FA) and radial diffusivity (RD) were used
for group comparisons. VIQ was assessed and associations with the diffusion measures were
evaluated.

Results: FA was significantly increased and RD decreased in most tracts of the DLPFC and
VLPFC sub-circuits in 22q11DS. Verbal 1Q scores correlated negatively with FA and, at trend
level, positively with RD in the right thalamus-IFG tract in 22q11DS with prodromal symptoms.

Conclusions: While abnormalities in FST sub-circuits are associated with schizophrenia, we
observed that these abnormalities are also present in 22q11DS individuals with prodromal
symptoms and are associated with verbal performance in the right thalamus-IFG tract.

Keywords

Schizophrenia; Prodromal Symptoms; 22q11.2 Deletion Syndrome; Verbal 1Q; Diffusion MRI;
White Matter

1. Introduction

Fronto-striatal-thalamic (FST) sub-circuits are neuronal pathways that connect several
frontal lobe regions with the striatum and the thalamus. They originate in the prefrontal
cortex (PFC) and project to the striatum followed by the thalamus. Feedback loops project
from the thalamus back to the PFC, forming the closed cortico-striato-thalamo-cortical loop
(Alexander and Crutcher, 1990; Parent and Hazrati, 1995). Originally, FST sub-circuits,
especially those involving the striatum, were best known to be involved in motor functions
and were associated in the neuropathology of neurodegenerative disorders. Today we know
that these sub-circuits are more complex. They are involved in a wide range of mental
functions, including, motor, limbic, and cognitive projections (Haber, 2016, 2003; Haber and
Calzavara, 2009). FST sub-circuits are of special interest in neuropsychiatric conditions, as
they modulate cognitive functions (Alexander et al., 1986; Pauli et al., 2016). Abnormalities
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or lesions in either gray matter structures, or white matter (WM) tracts of the FST sub-
circuits may result in disrupted cognitive functionality (Cummings, 1993).

Cogpnitive decline is a fundamental hallmark symptom in schizophrenia. Premorbid 1Q
deficits support a neurodevelopmental model of schizophrenia (Murray and Lewis, 1987;
Weinberger, 1987). In the past 30 years, this theory has matured into the developmental risk
factor model of psychosis (Murray et al., 2017), incorporating new evidence regarding
dysregulated striatal dopamine (Egerton et al., 2017) linking risk factors, such as heavy
cannabis use (Murray et al., 2014) and adversity in childhood (Egerton et al., 2016), to
psychatic symptoms. Moreover, according to this theory, lower premorbid IQs are associated
with an earlier onset of schizophrenia and cognitive deficits may predict social impairment
and future functional and treatment outcome (Fett et al., 2011; Gold, 2004; Green et al.,
2000; Keefe, 2007; Meier et al., 2014). The risk for a diagnosis in schizophrenia is more
than two times higher in individuals with a premorbid Full Scale 1Q (FSIQ) lower than 85
(Khandaker et al., 2011; Reichenberg et al., 2010). In addition, Verbal 1Q (VIQ) is
significantly lower in individuals who later develop schizophrenia (Khandaker et al., 2011).

Abnormalities in FST sub-components and their association with cognitive functions have
also been associated with schizophrenia (Li et al., 2020; Quan et al., 2013). Moreover,
several neuroimaging studies have explored the connectivity between the PFC and thalamus
(Anticevic et al., 2015; Buchsbaum et al., 2006; Hamoda et al., 2018; Levitt et al., 2012),
and connections between the PFC and striatum in chronic and first-episode schizophrenia
(de Leeuw et al., 2015; Quan et al., 2013). Findings here demonstrated that FST components
and their association with cognition is not only disrupted in chronic phases of illness, but
also in early phases. However, it is not known whether or not such changes are present prior
to the onset of psychotic symptoms.

The PFC is functionally segregated. Two important functional subregions in the PFC are the
dorsolateral (DLPFC) and the ventrolateral prefrontal cortex (VLPFC), serving different
cognitive processes, including higher cognitive and social cognitive domains. The DLPFC is
involved in executive functioning, such as working memory and inhibition (Blumenfeld and
Ranganath, 2006; Lara and Wallis, 2015), while the VLPFC is, among other functions,
known for processing of language (Rygula et al., 2010). DLPFC and VLPFC have been
shown to mediate higher cognitive and social cognitive functions (Shallice and Cipolotti,
2018) which are also abnormal in schizophrenia (Boettiger and D’Esposito, 2005; Manoach
et al., 2000; Weinberger et al., 2001). Individuals with first-episode schizophrenia
demonstrate an increased activation in the right DLPFC (Zheng et al., 2017). Functional and
structural changes in the VLPFC are associated with impulsivity in individuals with
schizophrenia (Kaladjian et al., 2011; van Erp et al., 2020). Moreover, during social
cognition tasks, the activation of the right VLPFC is significantly decreased (Vucurovic et
al., 2020) while during emotion regulation tasks individuals with schizophrenia
demonstrated a hyper-activation between the VLPFC and brain motor areas (Zhang et al.,
2020). Thus, measuring prefrontal projections separately, from specific cortical source
regions of interest, such as the DLPFC and VLPFC, to the striatum and to and from the
thalamus, is important as it yields information about specific FST sub-circuits and their
associations with psychosis.
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Fiber tracts of the FST sub-circuits can be assessed /in vivo using diffusion MRI (dMRI).
The tractography technique, derived from dMRI, makes it possible to model, visualize, and
quantify fiber tracts. The reconstruction of fiber tracts between subcortical and cortical
regions, such as those in the FST sub-circuits, pose a challenge to the traditional single-
tensor tractography approaches due to the presence of crossing and fanning fibers. This
challenge can be overcome by using an Unscented Kalman Filter (UKF) based two-tensor
whole brain tractography algorithm (Malcolm et al., 2010), and is thus optimal for studying
complex connections such as FST-tracts. This advanced approach makes it possible to
reconstruct tracts connecting DLPFC and VLPFC with the striatum and thalamus. DMRI
provides insight into pathological changes that affect tissue microstructure (Beaulieu, 2002;
Song et al., 2002). Fractional Anisotropy (FA), which measures the extent to which diffusion
is directionally restricted, is the most commonly used dMRI parameter. To further
understand the microstructural changes of the tissue it is recommended to use additional
diffusion measures, such as Axial Diffusivity (AD) and Radial Diffusivity (RD), which
demonstrate more specific relationships with WM pathology. AD appears to be more
specific to axonal degeneration, whereas RD seems to be modulated by myelin in WM
(Alexander et al., 2007). Using the two-tensor tractography technique, our group was the
first to look at the DLPFC and VLPFC connections to the striatum and thalamus and
reported abnormalities in FA (Levitt et al., 2017) and RD (Quan et al., 2013) in both chronic
and first-episode schizophrenia. These connections in individuals at risk to develop
schizophrenia are yet to be investigated.

Here, we explore FST sub-components in young adults with 22q11.2 deletion syndrome
(22q11DS), also known as Velo-Cardio-Facial (VCFS) or DiGeorge syndrome, who are at
increased risk for developing schizophrenia. This disorder is caused by a microdeletion at
the q11.2 locus of the chromosome 22 (Carlson et al., 1997). Cognitive delays and
psychiatric disorders, including schizophrenia, are present in adolescence and adulthood in
22011DS. Based on a 30% prevalence of schizophrenia in adult life (Schneider et al., 2014),
young adults with 22g11DS may provide valuable insight into the neuropathology and
changes in WM preceding the disease (Zinkstok et al., 2019). Cognitive decline, most
pronounced in VIQ, representing verbal comprehension and working memory, precedes the
onset of psychosis in 22q11DS, and those who develop psychosis diverge more strongly
from a typical cognitive trajectory (Morstman et al., 2015). Patients with 22q11DS with
psychosis perform worse on verbal memory and spatial working memory tests compared to
patients with 22gq11DS without psychosis (Amelsvoort et al., 2004; Chow et al., 2006).
Neuroimaging studies provide strong evidence that the microdeletion at the q11.2 locus of
the chromosome 22 effects the neurodevelopment of the brain in children and young adults
(Zinkstok et al., 2019). Reductions in gyrification (Bakker et al., 2016; Kunwar et al., 2012;
Schmitt et al., 2015), cortical thinning (Schaer et al., 2009; Sun et al., 2018), and changes in
volumetric measures (Ching et al., 2020) were reported in children and adolescents with
22q11DS. These findings could be indicative of an early neurodevelopmental pathology
(Zinkstok et al., 2019). Moreover, studies reported WM abnormalities in individuals with
22011DS. These studies suggest altered myelin, lower diffusivity, and smaller axonal
diameter in multiple tracts in individuals with 22g11DS (Villalon-Reina et al., 2019).
However, inconsistent results of both decreases as well as increases in FA in several parts of
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the brain were found (Bakker et al., 2016; Olszewski et al., 2017; Perlstein et al., 2014;
Villalén-Reina et al., 2019). Decreases in AD and RD were reported consistently
(Jalbrzikowski et al., 2014; Villalon-Reina et al., 2013). Indeed, cognitive deficits in
individuals with 22q11DS have been associated with alterations in WM microstructure.
More precisely, FA was significantly increased both globally and locally in patients with
22q11DS with cognitive decline throughout different tracts of the brain overlapping with
WM tracts found to be affected in schizophrenia and individuals with 22q11DS with
psychosis (Nuninga et al., 2018). Based on these findings, studies of young adults with
22011DS without overt psychosis but with prodromal symptoms may increase our
understanding of cognitive manifestations and early pathology in FST sub-circuits relevant
to schizophrenia.

The aim of this study was to test whether components of FST sub-circuits are disrupted in
young adults with 22g11DS with and without prodromal symptoms. Here, we explored
subcortical-cortical WM connections from DLPFC and VLPFC to the striatum and
thalamus. First, we hypothesized that young adults with 22q11DS and prodromal symptoms
will have abnormalities in one or more WM tracts in FST sub-circuits. We expected WM
abnormalities in the 22q11DS group with prodromal symptoms as compared to individuals
with 22q11DS without prodromal symptoms and to healthy controls. To address this, we
reconstructed WM connections in the DLPFC- and VLPFC-loop in the FST-circuits using
dMRI and two-tensor tractography. Second, we hypothesized an association between dMRI
measures in these tracts and performance in intellectual measures, especially VIQ, in young
adults with 22q11DS with prodromal symptoms. Given that changes in WM microstructure
of the right hemisphere have been associated with prodromal symptoms in adolescents with
22011DS (Kikinis et al., 2017), we predicted that changes in WM would be associated with
cognitive measures in the right brain hemisphere in our young adult sample.

2. Methods

2.1.

Participants

We assessed imaging data from 21 participants with 22q11DS with prodromal symptoms
(229q11DS+PS), 30 participants with 22g11DS without prodromal symptoms (22¢g11DS
-PS), and 30 healthy controls. The prodromal symptoms were assessed using the Structured
Interview for Prodromal Symptoms (SIPS; Miller et al., 2003). Individuals with prodromal
symptoms were those who had scores = 3 on at least one item of the positive symptom
subscale plus/or scores = 3 on at least two items of the negative or disorganized symptom
subscale. This operationalization is consistent with previously published papers in this field
(Tang et al., 2014; Weisman et al., 2017). None of the participants were diagnosed with
schizophrenia. The participants were matched on age, gender, and handedness (see Table 1).
A medical history questionnaire was completed for all participants, to list all of the current
medications the participant was taking, the reason for each medication, and age at which the
participant began to take each medication. The questionnaire was either completed by the
participant her- or himself, or by the parents. An overview of the medication use at the time
of the scan is given in Table 1. All details of the study, including exclusion criteria, are
described in Kates et al. (2011). Participants were recruited from the International Center for
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Evaluation, Treatment, and Study of Velo-Cardio-Facial Syndrome at SUNY Upstate
Medical University, Syracuse, NY, from parent support groups, and from the surrounding
community by the team directed by Dr. Wendy Kates. The presence of the microdeletion
was confirmed with fluorescence in situ hybridization (FISH) for 22q11DS participants. All
participants provided written informed consent.

Image Acquisition and Postprocessing

MRI images were acquired on a 3T Siemens Magnetom Tim Trio scanner (Siemens Medical
Solutions, Erlangen, Germany), using an ultrafast gradient echo 3D sequence (MPRAGE)
with a PAT k-space-based algorithm called GRAPPA. Diffusion and structural MRI were
obtained. Structural MRI scans were acquired with T1 and T2 sequences. Scan parameters
for structural MRI were: echo time (TE)=3.31 ms, repetition time (TR)=2530 ms, matrix
size=256 x 256, field of view (FOV)=256 mm, and slice thickness=1 mm. The dMRI
sequence consisted of 64 transverse slices with no gaps and 2.0 mm nominal isotropic
resolution acquired along 64 directions with a b-value=900 s/mm?2. The parameters included
TE=93 ms, TR=8600 ms, matrix size=96 x 96 (zero-filled and reconstructed to 256 x 256),
FOV=244 mm. One minimally weighted volume (bg) was acquired within each dMRI
dataset.

An in-house pipeline (https://github.com/pnlbwh/pnlpipe) was used to postprocess the MRI
data of each participant. The MRI images were aligned, centered, and corrected for eddy
current distortions and head motion. The parameters used to acquire the images (e.g., sizes,
space directions, space origin), and the quality of the images (e.g., motion artifacts, ringing,
ghosting of the skull or eyeballs, cut-offs, signal drops, and other artifacts), were also
visually checked.

2.3. FreeSurfer Parcellations and Registration to DTI Space

Brain masks were made for structural (T1and T2 images) and diffusion images for each
individual (del Re et al., 2016) using 3DSlicer software, Version 4.5 (Surgical Planning
Laboratory, Brigham and Women’s Hospital, Boston, MA, USA, http://www.slicer.org). The
masks for T1 were applied to generate a label map for white and gray matter parcellation
using FreeSurfer software, Version 4.4 (http://surfer.nmr.mgh.harvard.edu). This software
parcellates the brain into 34 cortical, 35 WM, and 40 subcortical regions for each participant
(Fischl et al., 2004). We then registered the FreeSurfer label map to the masks of the
diffusion images for each participant. This was done by using the symmetric diffeomorphic
image registration algorithm of the ANTSs software (Klein et al., 2009).

2.4. Two-Tensor Whole Brain Tractography

Tractography was performed to reconstruct fiber tracts of the whole brain for each study
participant from the dMRI data. A two-tensor whole brain tractography (Malcolm et al.,
2010) was conducted using the Unscented Kalman Filter (UKF). The two-tensor
tractography is suitable for tracing neural fiber bundles of the brain connecting cortical and
subcortical regions. Every voxel was seeded ten times with a minimum FA of 0.18 to
generate tractography streamlines.
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2.5. White Matter Query Language (WMQL)

To extract specific fiber tracts from the whole brain tractography, a technique called White
Matter Query Language (WMQL) was utilized, which automatically extracts WM tracts
from the two-tensor whole brain tractography using formally described neuroanatomical
definitions, e.g., FreeSurfer generated brain parcellations (Wassermann et al., 2012). WMQL
defines tracts of interest based on cortical and subcortical regions where the fibers begin and
end, and also on WM regions where the fiber tract is expected to project. For this study,
tracts of interest were the tracts connecting the thalamus and the striatum to the DLPFC and
to the VLPFC. The DLPFC was represented by the rostral middle frontal gyrus (rMFG). The
VLPFC was represented by the inferior frontal gyrus (IFG) that was constructed from
FreeSurfer parcellations of Pars opercularis, Pars triangularis, and Pars orbitalis. The number
of streamlines for each fiber tract of interest and each subject was calculated and only tracts
with >10 streamlines were included. This resulted in two tracts of interest for the DLPFC
sub-circuit (thalamus-rMFG tract, striatum-rMFG tract) and two tracts for the VLPFC sub-
circuit (thalamus-1FG tract, striatum-1FG tract) in each hemisphere (see Figure 1). Finally,
the diffusion metrics, FA, RD, and AD were extracted from each tract.

2.6. Cognitive Measure

VIQ was assessed using the Wechsler Adult Intelligence Scale-3' edition (WAIS-111;
Wechsler, 1997). VIQ measures verbal comprehension and working memaory. The cognitive
measure was administered by a trained psychologist and double scored by a trained research
assistant.

2.7. Statistical Approach

Statistical analyses were performed using the Statistical Package for Social Sciences (SPSS)
version 24, and the freely available R software (https://www.r-project.org). Demographic
and clinical characteristics were compared using independent sample #tests for continuous
variables and Fisher’s exact test for categorial variables.

Normal distribution of the data was assessed using the Kolmogorov-Smirnov test.
Homogeneity of variance was tested using the Levene’s test. Linear mixed-effect (LME)
modeling was used to examine differences in FA, AD, and RD in FST tracts between three
groups, namely 22q11DS+PS, 22q11DS-PS and healthy controls. Linear mixed models
have several advantages over traditional repeated-measures methods, such as repeated
measures analysis of variance (ANOVA): LME analysis is able to handle unequal numbers
of within-subject measurements and it accounts for interindividual variability (Gueorguieva
and Krystal, 2004). Our model included Group (3 levels: 22q11DS+PS, 22q11DS-PS,
healthy controls) and Hemisphere (2 levels: left, right) as the fixed-effects factors, Subject as
a random-effects factor, and FA, AD, and RD as the dependent variables. We conducted four
separate models (one for each FA, AD, and RD in each tract). In case of a significant group
effect, post-hoc £tests were calculated between each group. Level of statistical significance
was set at p<0.05 (two tailed) and the False Discovery Rate (FDR) was used to correct for
multiple comparisons per sub-circuit (i.e., the DLPFC- and VLPFC-loops) and dMRI
indices, separately (Benjamini and Hochberg, 1995). Accordingly, the correction for
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multiple comparison was made for two tracts within each sub-circuit. Standardized effect
size, Cohen’s ¢, was calculated based on the mean and standard deviation.

Finally, Pearson correlations were applied to evaluate the relationship between diffusion
metrics and cognitive test performance in VIQ for each sub-circuit and hemisphere
separately. This was performed based on lateralization effects reported in previous studies in
first-episode schizophrenia (Bleich-Cohen et al., 2012; Sheng et al., 2013). We ran
correlations separately for individuals with 22q11DS with and without prodromal symptoms
and healthy controls to determine whether the prodromal symptoms drove the correlation in
the patient groups.

3. Results

3.1.

Demographic Data

Mean age in years was 21 and did not differ significantly between patients with 22q11DS
with and without prodromal symptoms and the healthy control group. The age range was 18
to 26 years. There were no significant differences in gender or handedness between the three
groups. As predicted, there was a significant difference in FSIQ between the two 22q11DS
groups and the healthy group (see Table 1). Although early cognitive decline is a robust
indicator for the risk of developing psychosis in individuals with 22q11DS, we did not find
significant differences in VIQ in individuals with 22q11DS with and without prodromal
symptoms. We did observe, however, a difference at trend level (p=.065) between these
subgroups in FSIQ. Because a reduced 1Q is not unusual in schizophrenia (Kahn and Keefe,
2013), as well as in 22gq11DS (Morstman et al., 2015), 1Q was not included as a covariate in
the following statistical analyses.

3.2. Comparison of Tracts between the Groups

The LME analysis revealed significant main effects for group in FA and RD in the thalamus-
rMFG tract (FA: p=.017, FDR=.029; RD: p=.029, FDR=.044), the striatum-rMFG tract (FA:
p>.001, FDR>.001; RD: p>.001, FDR>.001), the thalamus-IFG tract (FA: p>.001,
FDR>.001; RD: p=.001, FDR=.003), and the striatum-1FG tract (FA: p=.005, FDR=.010;
RD: p=.004, FDR=.009). No main effect for group in AD was found in any of the tracts. A
main effect for hemisphere was revealed in AD in the striatum-IFG tract (p=.003,
FDR=.036). No Group x Hemisphere interaction was found to be significant in any of the
four tracts. In case of a significant group effect, post-hoc analysis was conducted between
each group. In 22q11DS+PS the analysis revealed significant FA increases and RD
decreases in the striatum-rMFG tract (FA: ¢=0.867; RD: ¢=0.905), the thalamus-IFG tract
(FA: ¢=0.792; RD: ¢=0.707), and the striatum-IFG tract (FA: ¢=0.767; RD: ¢=0.707)
compared to healthy controls. In the 22q11DS-PS group FA was significantly increased
while RD was decreased in the striatum-rMFG tract (FA: ¢=0.767; RD: ¢=0.700) and the
thalamus-IFG tract (FA: ¢=0.509; RD: ¢=0.566) compared to the healthy control group.
Moreover, FA only was found to be significantly increased in the thalamus-rMFG tract
(a=0.622). All differences remained statistically significant when FDR correction for
multiple testing was performed (see Table 2). There was no significant difference in either
FA nor in RD in any of the tracts between 22q11DS+PS and 22q11DS-PS.
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3.3. Correlations with Cognitive Measure

All variables were normally distributed. Pearson correlations were conducted for each group
per sub-circuit and hemisphere, separately, in tracts showing significant differences between
groups. VIQ correlated negatively with FA in the right thalamus-1FG tract (/=-0.491,
p~=.024), while RD correlated positively with VIQ in the right thalamus-1FG tract (r=0.487,
p=.025) in individuals with 22q11DS+PS, such that increased FA and decreased RD were
associated with a lower VIQ. FA remained significant (FDR-adjusted p=.049) and RD
remained significant at trend level (FDR-adjusted p=.050) after FDR correction for multiple
comparisons per sub-circuit in each hemisphere and per each dMRI measure was performed.
No significant correlations were found in individuals with 22q11DS-PS in the VLPFC or
the DLPFC sub-circuits in either hemisphere (see Table 3). Furthermore, there were no
significant correlations in the healthy control group. Figure 2 provides scatterplots of the
significant correlations in the 22q11DS+PS group.

4. Discussion

This study is, to the best of our knowledge, the first study to report abnormalities in FST
sub-circuits, specifically the DLPFC and VLPFC sub-circuits, in a sample of individuals
with 22q11DS. Some, but not all, WM tracts of the DLPFC and VLPFC sub-circuits were
abnormal in young adults with 22q11DS with or without prodromal symptoms when
compared to healthy controls. In addition, the microstructural abnormalities in the VLPFC
sub-circuit correlated with VIQ in individuals with 22q11DS with prodromal symptoms,
suggesting that the tract connecting the thalamus and IFG is associated with verbal
performance.

WM abnormalities were present in the FST tracts of the DLPFC and the VLPFC sub-circuits
in both 22q11DS groups, with and without prodromal symptoms. FA was increased, while
RD was decreased in all WM tracts that were significantly different in individuals with
22011DS with and without prodromal symptoms in comparison to healthy controls. Changes
in WM tracts connecting PFC with thalamus (Kikinis et al., 2017; Perlstein et al., 2014;
Radoeva et al., 2012) have been published earlier (Olszewski et al., 2017; Tylee et al., 2017).
The present results are consistent with the results by Olszewski et al. on the same cohort
who also found increased FA and decreased RD in thalamic-frontal tracts (Olszewski et al.,
2017). In this study, we expand the previous findings by exploring not only the thalamic-
frontal tracts, but also striatal-frontal tracts. Furthermore, we report WM abnormalities in
subdivisions of prefrontal regions, namely the DLPFC and the VLPFC, as this yields more
detailed information about the FST sub-circuits. Interestingly, FA was found to be
significantly increased while RD was significantly decreased in the striatum-VLPFC sub-
circuits (thalamus-1FG, and striatum-IFG tract) in individuals with 22q11DS with prodromal
symptoms only. No such difference was found in individuals with 22g11DS without
prodromal symptoms compared to healthy controls. This suggests the importance of striatal
projections to the PFC in the development of psychotic symptoms in individuals with
22q11DS.

Increased FA may seem counter-intuitive at first, as reductions in FA have been reported in
most studies in patients in the chronic phase of schizophrenia (Grazioplene et al., 2018;
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Levitt et al., 2012; Mamah et al., 2019). Although inconsistent findings of reduced and
increased FA in cerebral WM of the 22q11DS population have been published (Kochunov et
al., 2020; Scariati et al., 2016; Villalon-Reina et al., 2019), studies involving only
adolescents and young adults with 22q11DS have reported increased FA (Kates et al., 2015;
Nuninga et al., 2018). Nuninga et al. reported increased FA in adolescents with 22q11DS
and cognitive decline, suggesting that increased FA reflects a higher vulnerability to develop
schizophrenia (Nuninga et al., 2018). The authors further speculated that this increase in FA
in adolescents with 22q11DS will be followed by a decrease in FA in individuals diagnosed
with schizophrenia (accelerated ageing/early maturation theory in schizophrenia). Our
findings of increased FA in young adults with 22q11DS and prodromal symptoms in
comparison to healthy controls are consequently in line with the findings published by
Nuninga et al. We also note that besides of increased FA, we find reduced RD in a cohort of
22g11DS within the age range of 18 to 26 years. Increased FA and decreased RD seem to be
a common microstructural characteristic of changes in WM in 22q11DS (Villalén-Reina et
al., 2019), although neurobiological interpretations of such changes should be made with
caution as FA and RD are not only sensitive to changes in myelin (Beaulieu, 2002).
Moreover, changes in FA and RD also depend on extracellular water and axonal density
(Schwartz et al., 2005; Takahashi et al., 2000). We were not able to reconfirm that FA is
increased in tracts of the VLPFC and the DLPFC sub-circuits in the 22q11DS+PS in
comparison to the 22q11DS-PS group. While we observe slightly more robust effect sizes in
the 22q11DS+PS subgroup, hinting that the WM pattern in the FST tracts might be more
affected in individuals with 22q11DS and prodromal symptoms, this needs to be
reconfirmed in larger samples in future studies.

The relationship between tract microstructure and verbal performance of participants was
explored by performing correlations between FA, RD and VIQ. Pearson correlations were
conducted for each group separately as cognitive decline, most pronounced in VIQ, precedes
the onset of psychosis in 22g11DS (Vorstman et al., 2015). We found significant negative
associations between FA in the right VLPFC sub-circuit (thalamus-1FG tract) and VIQ in the
22g11DS group with prodromal symptoms. Thus, increased FA in the right VLPFC sub-
circuit was associated with lower VIQ. Moreover, decreased RD in the right VLPFC sub-
circuit (thalamus-1FG tract) was associated at trend level with lower VIQ. We find these
results are noteworthy for the following reasons. First, associations between thalamic-
prefrontal WM microstructure and abnormalities in cognitive functions were reported in
patients with first-episode psychosis (Cho et al., 2016). Our study demonstrates associations
of cognitive functions and WM in the VLPFC sub-circuit in the 22q11DS population with
prodromal symptoms and extends our knowledge of abnormalities in WM early in the
trajectory of schizophrenia. Second, it has been published that in patients with 22q11DS
cognitive decline, most pronounced in VIQ, precedes the onset of psychosis by several years
(Vorstman et al., 2015). However, it has not been investigated yet whether the decline in VIQ
is associated with any changes in WM in the FST sub-circuits. In this study we
demonstrated that abnormalities in the tract of the VLPFC sub-circuit are associated with
VIQ. The correlations between VIQ and the dMRI indices of the thalamus-IFG tract were
found exclusively in 22q11DS with prodromal symptoms. Third, the correlations were found
in the right hemisphere only. This lateralization could be attributed to the early stages of the
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disease as changes in cortico-cortical connections in the right hemisphere have been reported
to be associated with prodromal symptoms in adolescents with 22q11DS (mean age: 18 +/-
2 years) (Kikinis et al., 2017). It is possible that changes in the right hemisphere are present
early on and that with disease progression, the disruptions become more pervasive and
spread to both hemispheres. Our findings just suggest that a disrupted connectivity within
the right FST sub-circuit is present before psychosis onset and is associated with verbal
performance.

This study has potential limitations. The UKF based two-tensor tractography algorithm is an
advanced method for reconstructing connections between subcortical and cortical regions of
the brain and it is more powerful than single-tensor tractography. However, with its use,
some of the streamlines might not be anatomically correct. False positive errors are likely
(Jones et al., 2013), which is why a rigorous quality control of the reconstructed tracts was
performed for each participant. Anatomically incorrect tracts were eliminated, reducing the
number of study participants by up to 12% for some tracts. That said, the UKF is a robust
method to reconstruct fibers of intersecting and fanning fibers connecting the cortical and
subcortical areas. Furthermore, it would have been ideal, besides comparing individuals with
22011DS with and without prodromal symptoms to a healthy control group, to have another
group of individuals with 22q11DS with schizophrenia. Unfortunately, our study did not
have sufficient participants with schizophrenia and as such performing meaningful statistical
analyses with individuals with schizophrenia were not possible. To summarize, the strength
of this study is the large sample size of participants of a rare disorder that can be a genetic
model for schizophrenia, a narrow age range amongst participants (18 to 26 years of age),
and the application of advanced MRI techniques.

In summary, microstructural abnormalities in brain WM tracts connecting the thalamus and
the striatum with prefrontal cortices are present in young adults with 22q11DS with and
without prodromal symptoms compared to healthy controls. These abnormalities are
associated with the individuals’ cognitive performance in VIQ in the 22q11DS with
prodromal symptoms and therefore emphasize the potential involvement of the FST sub-
circuits in schizophrenia. While changes in FST circuitry have been reported in patients with
schizophrenia, we observed that changes in FST circuitry are also present in young adults
with 22q11DS at risk for but without psychotic symptoms. Our results suggest that
psychosis onset in 22q11DS may be associated with a complex pattern of WM alterations in
the FST sub-circuits.
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prefrontal cortex (DLPFC) loop of the fronto-striatal-thalamic (FST) sub-circuits are

represented.
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Panel A, B, C show the VLPFC sub-circuit in the inferior, right and frontal view. Panel C, D,
E show the DLPFC sub-circuit in the inferior, right and frontal view. Inferior frontal gyrus
(IFG, corresponds to VLPFC) is in blue. Rostral middle frontal gyrus (rtMFG, corresponds to
DLPFC) in purple. Striatum in crimson red. Thalamus in green. Tracts connecting the frontal
lobe with striatum are colored yellow, tracts connecting the frontal lobe with thalamus are
colored orange. Panel G shows the VLPFC loop on the left and the DLPFC loop on the

right.
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Figure 2: Correlations between Verbal 1Q and diffusion measures of the thalamus-VLPFC tract
in individuals with 22q11DS with prodromal symptoms.

Significant correlations between fractional anisotropy (FA) and radial diffusivity (RD) in the
right (R) thalamus-IFG tract and the Verbal 1Q (V1Q) were present in 22q11DS group with
prodromal symptoms. This tract is part of the VLPFC loop of the FST sub-circuit. Pearson
coefficient rand significance value p are given. The black line represents the best-linear-fit
for the data.
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Table 1

Demographic characteristics and medicanon of participants (A = 81).

Page 20

_ b 22q11DS+PS  22q11DS+PS  22q11DS-PS
gi?“DS"PS (n= g(z);nms PS"=  Hom=30)  vs.22q11DS  vs. HC (p- vs. HC (p-

-PS (p-Value)  Value) Value)

Age (y) 21.20 + 2.43% 20.73+2.17% 2089+ 1.497  0.302 0.627 0.813

Range 18-26 18-26 20-24 - - -

Gender (male/female)  11/10 1713 16/14 07837 1.000? 1.000?

Handedness (right/left) — 14/7 21/9 23/7 l.OOOb 0_5291] 0_771[7

FSIQ 72.00 £ 10.207 78.07 + 11.97% 109.47 £ 16.02%  0.085 <0.001 <0.001

Range 52-97 62-103 72-142 - - -

VIQ 74.71 + 10.41% 79.77 + 11.99% 105.70 + 16.087  0.125 <0.001 <0.001

Range 57-100 62-103 68-134 - - -

Scale of prodromal symptoms (SIPS)

Positive symptoms 5.14 + 5.052 0.30 + 0.702 0.30 + 1.157 <0.001 <0.001 1.000

Negative symptoms 9.29+7.19% 3.97 +4.447 153+382% 0005 <0.001 0.027

Disorganization

symptgoms 6.43 £ 2.997 1.00 + 1.027 0.90 % 2.02% <0.001 <0.001 0.810

General symptoms 6.43 +5.057 223+252% 130+268%  <0.001 <0.001 0.170

Medication

Anti-depressant/anti-

o etyp 8 (38%) 7 (23%) 2 (%) - - -

Stimulants 4 (19%) 2 (7T%) 2 (7%) - - -

Mood stabilizers 1 (5%) 1(3%) 0 - - -

Antipsychotic

medications 2 (10%) 0 0 - B -

Note: 22q11DS+PS = individuals with 22q11DS with prodromal symptoms. 22q11DS-PS = individuals with 22q11DS without prodromal

symptoms. HC = healthy controls. FSIQ = full scale 1Q. VIQ = verbal 1Q.

a -
= mean + standard deviation.

= Fisher’s exact test. Statistically significant differences indicated in bold.

Schizophr Res. Author manuscript; available in PMC 2021 October 23.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Heller et al.

Fronto-striatal-thalamic (FST) sub-circuits, FDR-significant group differences between patients with 22q11DS

Table 2

Page 21

with and without prodromal symptoms and healthy controls for FA, RD, and AD in tracts of the DLPFC and

VLPFC sub-circuits.

22q11DS  22q11DS HC
#PS(= -PS(n= (n= So0IDI*ERVS 22q11DS+PS vs. HC 2211DS-PS vs. HC
21) 30) 30 =
FST
sub- dMRI M+ - - -
circuits  Tract indices M =SD M = SD SD Value FDR d Value FDR d Value FDR d
DLPFC Thalamus- FA 0613+ 0616+ 0594 1000 ns. 0100 0087 ns. 0537 0020 0027 0622
sub- IMFG 0.03 0.03 +
circuit 0.04
RD 0430+ 0432+ 0452 1000 ns. 0057 0061 ns. 0622 0057 ns. 0.500
0.03 0.04 +
0.04
AD 1333+ 1341+ 1337 1000 ns. 0145 1000 ns. 0080 1.000 ns. 0.072
0.05 0.06 +
0.05
Striatum-  FA 0577+ 0574+ 0551 1000 ns. 0100 <0001 <0.001 0867 <0.001 <0.001 0.767
IMFG 0.03 0.03 +
0.03
RD 0467+ 0471+ 0499 1000 ns. 0113 <0001 <0.001 0905 <0.001 <0.001 0.700
0.03 0.04 +
0.04
AD 1312+ 1312+ 1323 1000 ns. 0000 0531 ns. 0275 0459  ns. 0.275
0.04 0.04 +
0.04
VLPFC Thalamus- FA 0640+ 0630+ 0612 0538 ns 0333 <0001 <0001 0792 0012 0024  0.509
sub- IFG 0.03 0.03 +
circuit 0.04
RD 0404+ 0409+ 0429 1000 ns. 0167 0003 0004 0707 0011 0022  0.566
0.03 0.03 +
0.04
AD 1346+ 1333+ 1333 0192 ns. 0368 0200 ns. 0368 1.000 ns. 0.000
0.04 0.03 +
0.03
Striatum-  FA 0608+ 059+ 0585 0281 ns 0400 0004 0005 0767 0240 ns. 0.367
IFG 0.03 0.03 +
0.03
RD 0422+ 0433+ 0447 0452 ns. 0311 0003 0004 0707 0119 ns. 0.467
0.04 0.03 +
0.03
AD 1290+ 1283+ 1294 1000 ns. 0155 1.000 ns. 0088 1000 ns. 0.275
0.05 0.04 +
0.04

Note: The connections between thalamus-rMFG and striatum-rMFG represent the DLFPC sub-circuit of the fronto-striatal circuit, whereas

thalamus-1FG and striatum-IFG represent the VLPFC sub-circuit. FA = Fractional Anisotropy. RD = radial diffusivity. AD = axial diffusivity.

22q11DS+PS = individuals with 22q11DS and prodromal symptoms. 22q11DS-PS = individuals with 22q11DS without prodromal symptoms. HC
= healthy controls. M+ SD = mean + standard deviation. FDR = false discovery rate-adjusted p. o= Cohen’s d. Statistically significant differences

after FDR-correction are given in bold.
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Table 3

Pearson correlations for FA and RD in significant tracts and verbal 1Q in 22q11DS with and without
prodromal symptoms.

22g11DS-PS (n = 30) 22q11DS+PS (n = 21)
Sub-circuit Tract dMRI indices r p-Value FDR r p-Value FDR
Left DLPFC sub-circuit ~ Thalamus-rMFG ~ FA 0.298 ns. ns. - - -
Striatum-rMFG FA 0.219 ns. ns. -0.242 0.391 ns.
Striatum-rMFG RD -0.284 ns. ns. 0.240 0.323 ns.
Left VLPFC sub-circuit ~ Thalamus-IFG FA 0.330 ns. ns. -0.391 0.080 ns.
Striatum-1FG FA - - - -0.353 0.151 ns.
Thalamus-1FG RD -0.366 n.s. ns. 0.398 0.074 ns.
Striatum-1FG RD - - - 0.403  0.097 ns.
Right DLPFC sub-circuit ~ Thalamus-rMFG ~ FA 0.296 ns. ns. - - -
Striatum-rMFG FA 0.690 ns. ns. -0.241 0.293 ns.
Striatum-rMFG RD -0.114 ns. ns. 0.149  0.520 ns.
Right VLPFC sub-circuit ~ Thalamus-IFG FA -0.193 ns. ns. -0.491 0.024 0.048
Striatum-1FG FA - - - -0.250 0.301 ns.
Thalamus-1FG RD 0.129 ns. ns. 0.487 0.025 0.050
Striatum-1FG RD - - - 0.151  0.537 ns.

Note: Pearson correlation coefficients rare given. Numbers of participants range from 51 to 45. 22q11DS-PS = individuals with 22q11DS without
prodromal symptoms. 22q11DS+PS = individuals with 22q11DS with prodromal symptoms. L = left. R = right. FA = fractional anisotropy. RD =

Radial Diffusivity. FDR = false discovery rate-adjusted p. The connections between thalamus-rMFG and striatum-rMFG represent the DLFPC sub-
circuit of the fronto-striatal circuit, whereas thalamus-1FG and striatum-IFG represent the VLPFC sub-circuit. Results of p< 0.05 are given in bold.

FDR was used to correct for multiple comparisons per sub-circuit (i.e., the DLPFC- and VLPFC-loops) and dMRI indices separately. Accordingly,
the correction for multiple comparisons was made for two tracts within each sub-circuit.

Schizophr Res. Author manuscript; available in PMC 2021 October 23.



	Abstract
	Introduction
	Methods
	Participants
	Image Acquisition and Postprocessing
	FreeSurfer Parcellations and Registration to DTI Space
	Two-Tensor Whole Brain Tractography
	White Matter Query Language (WMQL)
	Cognitive Measure
	Statistical Approach

	Results
	Demographic Data
	Comparison of Tracts between the Groups
	Correlations with Cognitive Measure

	Discussion
	References
	Figure 1:
	Figure 2:
	Table 1
	Table 2
	Table 3

