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ABSTRACT
BACKGROUND: Impairments of the visual system are implicated in psychotic disorders. However, studies exploring
visual cortex (VC) morphology in this population are limited. Using data from the Bipolar-Schizophrenia Network on
Intermediate Phenotypes consortium, we examined VC structure in psychosis probands and their first-degree
relatives (RELs), sex differences in VC measures, and their relationships with cognitive and peripheral inflammatory
markers.
METHODS: Cortical thickness, surface area, and volume of the primary (Brodmann area 17/V1) and secondary
(Brodmann area 18/V2) visual areas and the middle temporal (V5/MT) region were quantified using FreeSurfer version
6.0 in psychosis probands (n = 530), first-degree RELs (n = 544), and healthy control subjects (n = 323). Familiality
estimates were determined for probands and RELs. General cognition, response inhibition, and emotion
recognition functions were assessed. Systemic inflammation was measured in a subset of participants.
RESULTS: Psychosis probands demonstrated significant area, thickness, and volume reductions in V1, V2, and MT,
and their first-degree RELs demonstrated area and volume reductions in MT compared with control subjects. There
was a higher degree of familiality for VC area than thickness. Area and volume reductions in V1 and V2 were sex
dependent, affecting only female probands in a regionally specific manner. Reductions in some VC regions were
correlated with poor general cognition, worse response inhibition, and increased C-reactive protein levels.
CONCLUSIONS: The visual cortex is a site of significant pathology in psychotic disorders, with distinct patterns of
area and thickness changes, sex-specific and regional effects, potential contributions to cognitive impairments, and
association with C-reactive protein levels.

https://doi.org/10.1016/j.biopsych.2022.03.023
The visual system is an important site of pathology in psy-
chotic disorders. Visual system impairments manifest as basic
visual symptoms (1), visual perceptual deficits (2), and abnor-
malities in the structure (3) and functional activity (4) of visual
brain areas. Studies have demonstrated impairments in mul-
tiple levels of visual processing streams, ranging from early
visual cortex (VC) functions [e.g., contrast sensitivity (5),
perceptual integration (6)] to extrastriate cortex [e.g., speed
discrimination (7)] and higher-order visual functions [e.g., eye
movements (8)], which are associated with negative (2) or
positive (6) symptoms. In addition, early visual processing
deficits may affect higher-order cognitive functions such as
emotion recognition, via bottom-up mechanisms (9,10). Visual
impairments are also demonstrated in first-degree relatives of
individuals with psychosis (7,11) and healthy individuals with
schizotypal features (12,13). Furthermore, visual function
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impairment in childhood and adolescence is linked to later
development of schizophrenia (14,15). Thus, evidence sug-
gests that impairments of the visual system are of significance
in understanding psychosis pathophysiology and may have
potential clinical applications.

Despite increasing interest in visual system impairments in
psychosis, studies focusing on visual cortical structure are
limited. Studies have identified reduced thickness and surface
area in the occipital cortex in individuals with psychosis (16),
including early course (17). VC subregions, which have distinct
structures, functions, and development (18), are less explored
in psychosis with mixed results. Thinning in the retinotopic
cortex was demonstrated in psychosis but not in subregions
(V1, V2, and V3) (19). Another study demonstrated cortical
thinning in V5/middle temporal (MT)1 and V2 but not in V1 (3).
Reductions in V1 volume are found in postmortem studies (20).
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The regional specificity of these alterations remains a critical
question given the widespread nature of cortical abnormalities
in psychosis (21). It is also unclear to what extent these ab-
normalities represent intermediate phenotypes of psychosis
risk. Despite the visual impairments observed in first-degree
relatives (7,11), limited data exist on VC structural alterations.

Sexual dimorphism is a well-studied characteristic of the
visual system, as demonstrated by behavioral, neurophysio-
logical, and neuroimaging studies (22,23). Healthy females
have lower surface area and volume in V1 and V2 than healthy
males (24). Sex differences in clinical and biological charac-
teristics of schizophrenia are also well established (25,26).
There is a disrupted pattern of sexual dimorphic neuroanatomy
in schizophrenia, which is likely modulated by sex steroid
hormones and manifests as more pronounced sex differences
in brain structure (25,27). Despite marked sexual dimorphism in
the visual system (22,23), the effect of sex on visual cortical
morphology in psychosis is unclear. Elucidating sex differ-
ences may inform disease mechanisms by uncovering devel-
opmental sex-related modifications in the phenotypic
expression of schizophrenia.

VC structure is also influenced by systemic inflammation via
brain microstructural and/or blood-brain barrier changes
(28–30). Maternal inflammation studies have identified
neuronal, morphological, and electrophysiological changes in
the primary VC in exposed rodent offspring (29). In healthy
individuals, systemic inflammation resulted in a rapid change in
striate (V1) microstructure (30). Growing evidence suggests
that peripheral inflammatory markers (e.g., interleukin [IL] 1b,
IL-6, tumor necrosis factor a [TNF-a], and C-reactive protein
[CRP]) are associated with both psychosis (31–33) and brain
structural alterations (34), including an association between
higher IL-6 and TNF-a with higher global free water levels,
which suggests the presence of inflammation-mediated
disruption of the blood-brain barrier (35–37). To our knowl-
edge, no study to date has examined the relationship between
inflammation and visual cortical structures in psychosis.
Additional support for blood-brain barrier disruption in the VC
comes from evidence of vascular degeneration of endothelial
cells and astroglial processes in postmortem schizophrenia
brains (38). Furthermore, visual cortical alterations may result
from systemic inflammation as opposed to neuroinflammatory
processes, which is supported by the absence of glial density
differences (39,40) and reduced microglial and astrocytic ac-
tivity (41) in the occipital cortex.

Herein, using a large multimodal dataset from the Bipolar-
Schizophrenia Network on Intermediate Phenotypes (B-SNIP)
consortium, we aimed to investigate area, thickness, and vol-
ume alterations in VC subregions (primary [Brodmann area (BA)
17/V1], secondary [BA 18/V2], and middle temporal [V5/MT]
areas) in individuals with psychosis and their first-degree rel-
atives (RELs) compared with healthy control (HC) subjects,
their regional specificity, and sex-specific effects on these
measures. Our secondary aims were to evaluate familiality of
visual cortical measures and their correlation with clinical,
cognitive, and peripheral inflammatory measures. We hypoth-
esized that, compared with HC subjects, psychosis probands
and RELs would demonstrate lower VC area, thickness, and
volume, as well as a high degree of familiality. We predicted a
more pronounced sexual dimorphism in the VC in female
2 Biological Psychiatry - -, 2022; -:-–- www.sobp.org/journal
probands, which would result in greater area and volume re-
ductions compared with male probands. We expected lower
visual cortical measures to be associated with higher psy-
chosis symptom severity, poorer cognition, and higher pe-
ripheral inflammation.

METHODS AND MATERIALS

Study Sample

B-SNIP participants with available brain imaging measures
were included in the study. B-SNIP procedures, detailed
elsewhere (42), were approved by Institutional Review Boards,
and all participants provided informed consent. Participants
were assessed using the Structured Clinical Interview for DSM-
IV Axis I disorders (43). HC subjects and RELs were evaluated
with the Structured Interview for DSM-IV Personality (44). A
total of 530 probands with a diagnosis of schizophrenia,
schizoaffective disorder, or bipolar I disorder with psychotic
features, 544 RELs, and 323 HC subjects were included in the
final analysis. RELs included clinically unaffected relatives with
no lifetime Axis I or Axis II diagnoses (REL-U, n = 206) and
relatives with lifetime psychiatric diagnoses. Symptom severity
was assessed using the Positive and Negative Syndrome
Scale (45), Young Mania Rating Scale (46), and Montgomery–
Åsberg Depression Rating Scale (47). Global Assessment of
Functioning (43) and the Birchwood Social Functioning Scale
(48) were used to assess functioning. See Table 1 for de-
mographic and clinical characteristics.

Cognition

The reading subtest of the Wide Range Achievement Test-4
(49) and the Brief Assessment of Cognition in Schizophrenia
(BACS) (50) were administered to assess cognition. The anti-
saccade paradigm evaluated inhibitory control (8). The Penn
Emotion Recognition-40 Test assessed emotion recognition
(51,52). Details of these assessments were previously pub-
lished (8,50,51,53).

Structural Magnetic Resonance Imaging

T1-weighted 3T images were acquired at six sites using three
different scanner brands (GE, Siemens, Philips) with similar
sequences based on the Alzheimer’s Disease Neuroimaging
Initiative protocol (http://adni.loni.usc.edu). FreeSurfer version
6.0 was used for processing (54). In brief, scans were manually
edited by trained raters to improve the segmentation of cortical
and subcortical regions. Segmentation from the Desikan-
Killiany atlas underwent visual inspection for motion artifacts
and for proper gray/white matter segmentation, which were
manually corrected. Gray matter measures for BA 17 (corre-
sponds to V1 based on myelination in layer 4B), BA 18 (pri-
marily corresponds to V2, also contains parts of V3 and V4)
(55), and V5/MT were obtained using FreeSurfer’s version 4.0.3
(legacy code in version 6.0) processing scheme, which used
postmortem brains and surface-based analysis to predict vi-
sual cortical locations (56). In accordance with FreeSurfer BA
labels, we used “V1” for the primary visual area (BA 17) and
“V2” for the secondary visual area (BA 18). V1 was obtained
using an optimal set of parameters for aligning the primary VC
(57). V1 and V2 were predicted by the surrounding geometry
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Table 1. Demographic and Clinical Measures

Demographics/Clinical Measures HCs, n = 323 RELs, n = 544 Probands, n = 530 3-Way p Value

Age, Years 37.2 (12.4) 40.3 (15.6) 35.4 (12.5) ,.001

Sex, Female 177 (55.0%) 371 (68.2%) 275 (51.9%) ,.001

Race, AA/CA/OT 84/208/30 156/359/29 195/298/37 .001

Diagnosis, SZ/SZA/BPP – – 209/137/184 –

Antipsychotic, Yes

First-generation antipsychotic – 6 (1.1%) 44 (8.5%) –

Second-generation antipsychotic – 45 (8.4%) 389 (74.8%) –

Daily CPZ Equivalent – 356.3 (435.1) 437.4 (384.6)a –

Age of Onset, Years – – 17.6 (7.8) –

Participant Education, Years 15.0 (2.4) 14.2 (2.7) 13.5 (2.4) ,.001

WRAT-4 IQ 103.5 (13.8) 100.7 (15.3) 98.9 (15.4) ,.001

GAF 85.5 (7.5) 75.1 (13.8) 53.3 (13.9) ,.001

SFS Total 156.9 (16.0) 147.9 (21.7) 124.1 (24.5) ,.001

PANSS Total – – 62.9 (16.9)

PANSS Positive Total – – 16.0 (5.5) –

PANSS Negative Total – – 14.9 (5.3) –

PANSS General Total – – 32.1 (8.9) –

YMRS Total – – 6.4 (6.3) –

MADRS Total – – 11.3 (9.5) –

Values are presented as mean (SD), n (%), or n.
AA, African American; BPP, bipolar disorder with psychotic features; CA, Caucasian; CPZ, chlorpromazine; GAF, Global Assessment of

Functioning; HC, healthy control; MADRS, Montgomery–Åsberg Depression Rating Scale; OT, other; PANSS, Positive and Negative Syndrome
Scale; REL, first-degree relative; SFS, Birchwood Social Functioning Scale; SZ, schizophrenia; SZA, schizoaffective disorder; WRAT-4, Wide
Range Achievement Test-4; YMRS, Young Mania Rating Scale.

aSZ, SZA, and BPP groups differed in daily CPZ equivalents (analysis of variance, p , .001). Daily CPZ equivalents were lower for the BPP group
compared with SZ (p = .005) and SZA (p = .004) groups. There were no differences between SZ and SZA groups.
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with high fidelity (56). Visual cortical segmentation maps were
visually inspected for correct segmentation and rated between
0 (low quality), 1 (intermediate quality), and 2 (good quality).
Low-quality scans were dropped (1 proband, 3 RELs, and 4
control subjects). Visual cortical measures greater than four
standard deviations were considered outliers and dropped (n =
6). Winsorization of visual cortical measures was set to three
standard deviations.

Plasma Inflammatory Marker Assays

Serum was isolated from a single B-SNIP site (140 probands,
60 control subjects) and assayed for IL-1b, IL-6, IL-8, IL-10, IL-
12/IL-23p40, interferon gamma, TNF-a, TNF-b, CRP, Flt-1,
vascular endothelial growth factor, vascular endothelial
growth factor D, and complement 4a (58). Full details can be
found in (58).

Familiality Estimates

Familiality estimates were determined in 330 probands and
453 RELs for bilateral V1, V2, and MT area and thickness using
Sequential Oligogenic Linkage Analysis Routines, v.8.4.2, with
a maximum likelihood method. A polygenic model was used
while covarying for age, sex, race, scanner, and intracranial
volume (for area only).

Statistical Analysis

Statistical analyses were performed in SPSS version 25.0 (IBM
Corp.) and R (version 3.6.1). Demographic variables were
B

compared across groups using c2 tests or analyses of vari-
ance. To compare probands and HC subjects, analyses of
covariance were performed for area, thickness, and volume
measures in V1, V2, and MT using total intracranial volume (for
area and volume) as a covariate (model A). To assess regional
specificity, group comparisons were repeated using total sur-
face area, mean cortical thickness, or total gray matter volume
as covariates (model B). Sex, race, scanner, and age were
included as covariates in both models A and B. Linear mixed
effects models were used to compare RELs with other groups,
including family membership as a random factor and sex, race,
scanner, age, and total intracranial volume (for area and vol-
ume) as fixed factors.

To compare the magnitude of visual cortical changes to
other brain regions, group differences were explored for 68
brain regions using analyses of covariance (see the
Supplement).

To test for differential sex effects, group-by-sex interactions
were explored. For significant group-by-sex effects, compari-
sons were performed separately for males and females. Effect
sizes were calculated using Cohen’s f2 and Cohen’s d. The
false discovery rate (FDR) approach was used to correct for
multiple testing (q value). FDR corrections were applied
separately for area, thickness, and volume. Each correction for
VC measures included comparisons from six subregions (right
and left V1, V2, and MT). The statistical significance was set at
q = .05.

Associations between VC measures and clinical, cognitive,
and inflammatory markers were assessed using partial
iological Psychiatry - -, 2022; -:-–- www.sobp.org/journal 3

http://www.sobp.org/journal


Visual Cortex Alterations in Psychosis
Biological
Psychiatry
Spearman correlations because several markers were non-
normally distributed. Age, race, sex, scanner, and total intra-
cranial volume (for area and volume) were included as
covariates. Peripheral inflammatory markers were additionally
adjusted for storage days, hemolysis score, and assay plate.
FDR corrections were applied separately for clinical (six VC
subregions 3 seven measures) and cognitive (six VC
subregions 3 three measures) measures. Because there are a
greater number of studies reporting relationships between
systemic inflammation and thickness measures compared with
surface area measures, correlations were performed between
inflammatory markers and thickness measures. FDR correction
was performed for 13 inflammatory markers 3 six VC sub-
regions. Post hoc correlations explored male and female pro-
bands separately given our significant group-by-sex
interactions. Fisher’s r-to-z transformation examined potential
significant differences between correlations.

RESULTS

VC Morphometric Differences in Probands

Probands demonstrated lower surface area in bilateral V1 and
V2 and right MT (d = 20.14 to 20.21) (Figure 1A; Table S1),
cortical thinning in left V1 and bilateral V2 and MT (d = 20.14
to 20.26) (Figure 1B; Table S2), and bilateral volume loss in all
three VC subregions (d =20.16 to20.23) (Figure 1C; Table S3)
compared with HC subjects (model A). Subsequent analyses
showed no significant differences in V1, V2, or MT measures
across the three diagnostic groups (Figure S1) or B-SNIP
biotypes (Supplement). There were no regionally specific area,
thickness, or volume changes in VC subregions in probands
versus HC subjects (model B).

Sexual Dimorphic Differences in the VC

Significant interactions between group and sex were found for
bilateral V1 and V2 surface area (left V1, q = .028; right V1, q =
.036; left V2, q = .028; right V2, q = .028) and volume (left V1,
q = .036; right V1, q = .012; left V2, q = .012; right V2, q = .012)
(model A) (Supplement). There was no significant group-by-sex
interaction for V1/V2 thickness or MT measures. Female pro-
bands had smaller bilateral V1 and V2 surface area
(q , .001, d = 20.33 to 20.40) (Figure 2A; Table S4) and
cortical volume (q , .001, d = 20.38 to 20.46) than female HC
subjects (Figure 2B; Table S5). However, there were no sig-
nificant area or volume differences in V1 or V2 in male pro-
bands compared with male HC subjects.

Then, using model B, we assessed the regional specificity of
sex-dependent visual cortical differences. V1 and V2 showed
regional area (q = .025, d = 20.22 to 20.25) and volume (q =
.016, d = 20.23 to 20.27) reductions in female probands
compared with female HC subjects (Supplement). No VC
structures showed regional changes in male probands
compared with male HC subjects.

VC Morphometric Differences in RELs

Right MT area (q = .03, d = 20.15) and volume (q = .012,
d = 20.173) were lower in RELs than HC subjects (Figure 1A;
Table S6). Similarly, REL-Us demonstrated lower right MT area
(q = .03, d = 20.208) and volume (q = .018, d = 20.222)
4 Biological Psychiatry - -, 2022; -:-–- www.sobp.org/journal
compared with HC subjects. There were no thickness differ-
ences or group-by-sex interactions for RELs or REL-Us when
compared with HC subjects. See the Supplement for com-
parisons between probands and RELs.

Familiality of VC Measures

The familiality of RELs was highest for V1 and V2 area
(Table 2). Thickness familiality was lower for V1 and V2, while
MT area and thickness had the lowest heritability estimates.

Associations Between VC Measures and Clinical
and Cognitive Measures

In probands, V1, V2, and MT measures showed no significant
associations with Positive and Negative Syndrome Scale total
or subscale scores, age of illness onset, daily chlorpromazine
equivalents, or Global Assessment of Functioning scores.

Significant associations were found between left MT area
and BACS composite scores (direct correlations) and anti-
saccade error rates (inverse correlations) in all probands and in
male probands (Table 3). Larger left MT volume was correlated
with higher BACS total scores in all probands and in male
probands. In female probands, larger V1 volumes were corre-
lated with lower antisaccade error rates (Table 3). The asso-
ciations between VC measures and cognitive markers were not
significantly different among female and male probands. There
were no significant associations between VC measures and
cognitive measures in RELs or HC subjects.

Correlations With Peripheral Inflammation

Inverse associations were found between left V2 thickness and
CRP levels in probands but not in control subjects (Fisher’s z =
1.90, p = .057) (Figure 3; Table S7). When stratified by sex,
female probands had an inverse correlation between CRP and
left V2 thickness (Fisher’s z = 1.08, p = .281) (Figure 3). No
other associations were significant after FDR correction.

See the Supplement for the effects of site and antipsychotic
use and effect sizes for cortical changes in other brain regions.

DISCUSSION

In this study, we demonstrated 1) significant area, thickness,
and volume reductions in BA 17/V1, BA 18/V2, and V5/MT in
psychosis probands; 2) lower area and volume in MT in RELs
than HC subjects; 3) sex-dependent and regionally specific
area and volume reductions in V1 and V2 only affecting female
probands; 4) a higher degree of familiality for VC area
compared with thickness; and 5) associations between lower
VC measures and poor cognitive performance and greater
CRP levels.

Previous studies investigating visual subregions in schizo-
phrenia are limited, constrained by modest sample sizes, and
give mixed results ranging from no V1 or V2 thickness differ-
ences (19,59) to thinning in V2 and MT (3). Thus, our findings fill
the gap left by previous reports demonstrating lower area
(16,21), thickness (16,17), and volume (16,60) in occipital re-
gions in patients with psychosis. Due to the large sample size
of this study, our results provide stronger evidence suggesting
decreased area, thickness, and volume in all three VC sub-
regions. The magnitude of surface area (d = 20.14 to 20.21),

http://www.sobp.org/journal
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Figure 1. Comparing visual cortical area and thickness across groups. Boxplot with individual adjusted data points demonstrating group comparisons for
(A) area (Brodmann area [BA] 17/V1, BA 18/V2, middle temporal [V5/MT]), (B) thickness (BA 17/V1, BA 18/V2, and V5/MT), and (C) volume (BA 17/V1, BA 18/V2,
and V5/MT) across healthy control (HC) subjects, first-degree relatives (RELs), and psychosis probands (Proband). All imaging data were adjusted for age, sex,
race, and scanner. Surface area and volume measures were additionally adjusted for total intracranial volume. Data with .4 standard deviations were
considered as outliers and removed. Panel (A) shows significantly lower area in V1 (left: q = .018, d = 20.18; right: q = .009, d = 20.21), V2 (left: q = .044,
d = 20.14; right: q = .009, d = 20.2), and MT (right: q = .022, d = 20.17) in probands compared with HC subjects. Right MT area was lower in RELs compared
with HC subjects (q = .03, d = 20.15). Panel (B) shows significant cortical thinning in V1 (left: q = .044, d = 20.14), V2 (left: q = .033, d = 20.17; right: q = .033,
d = 20.16), and MT (left: q , .001, d = 20.26; right: q , .001, d = 20.26) in probands compared with HC subjects. V2 (right: q = .022, d = 20.11) and MT
thickness (left: q = .003, d = 20.15; right: q = .022, d = 20.11) were significantly lower in probands compared with RELs. Panel (C) shows significantly lower
cortical volume in V1 (left: q = .006, d = 20.20; right: q = .009, d = 20.19), V2 (left: q = .01, d = 20.18; right: q = .006, d = 20.23), and MT (left: q = .029,
d = 20.16; right: q = .006, d = 20.21) in probands compared with HC subjects. Right MT volume was lower in RELs than in HC subjects (q = .012, d = 20.17).
*q , .05; **q , .01; ***q , .001, (A) mean.
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thickness (d = 20.14 to 20.26), and volume (d = 20.16
to 20.23) reductions in VC subregions were largely within the
range of mean changes seen in other brain regions (area,
d = 20.15 to 20.32; thickness, d = 20.14 to 20.41; volume,
d = 20.14 to 20.44) (Supplement). Female probands demon-
strated smaller V1 and V2 surface area (d = 20.33 to 20.40)
and volume (d = 20.38 to 20.46), which also showed regional
specificity. These results demonstrate significant structural
impairments in VC subregions in psychosis probands, with
more severe regional area and volume reductions in early vi-
sual cortices in female probands.
B

Surface area and cortical thickness are driven by distinct
cellular processes (61–63) and show unique developmental
trajectories (64). Previous research suggests that surface area
trajectories in psychosis may be predominantly influenced by
neurodevelopmental factors, while thickness may be more
plastic and influenced by environmental and neurodegenera-
tive factors (16,21,62). Consistent with these, we demon-
strated a differential effect of area and thickness in individuals
with psychosis with greater area impairments for V1 and V2,
while MT, which has a delayed developmental window
compared with early VCs (18), had greater thickness deficits.
iological Psychiatry - -, 2022; -:-–- www.sobp.org/journal 5
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Figure 2. Sex-specific differences in Brodmann area (BA) 17/V1 and BA 18/V2 area and volume. Boxplot with individual adjusted data points demonstrating
group comparisons for (A) BA 17/V1 and BA 18/V2 area and (B) BA 17/V1 and BA 18/V2 volume across healthy control (HC) subjects and psychosis probands
(Proband) by sex. Surface area and volume data were adjusted for age, race, scanner, and total intracranial volume. Data with .4 standard deviations were
considered as outliers and removed. Female probands had significantly reduced bilateral V1 and V2 surface area (q , 0.001; left V1, d = 20.36; right V1,
d = 20.38; left V2, d = 20.33; right V2, d = 20.40) and cortical volume (q, .001; left V1, d = 20.38; right V1, d = 20.40; left V2, d = 20.42; right V2, d = 20.46)
compared with female HC subjects. There were no significant area or volume differences in V1 or V2 in male probands compared with male HC subjects.
***q , .001, (A) mean.

Table 2. Familiality for Visual Cortical (BA 17/V1, BA 18/V2,
V5/MT) Area and Thickness

Region h2R p Value h2R SE

Left V1 Area 0.713 6.6 3 10217 0.079

Left V1 Thickness 0.544 1.1 3 10210 0.083

Right V1 Area 0.709 3.6 3 10216 0.082

Right V1 Thickness 0.471 1.0 3 10207 0.088

Left V2 Area 0.632 5.7 3 10213 0.086

Left V2 Thickness 0.513 2.2 3 10209 0.087

Right V2 Area 0.629 1.8 3 10212 0.087

Right V2 Thickness 0.480 1.0 3 10207 0.089

Left MT Area 0.326 .0002 0.092

Right MT Area 0.242 .0025 0.088

Left MT Thickness 0.236 .0036 0.089

Right MT Thickness 0.311 .0003 0.091

Familiality was quantified in 330 probands and 453 of their first-
degree relatives using Sequential Oligogenic Linkage Analysis
Routines, version 8.4.2, with a maximum likelihood method.
Significance was determined by comparing a model explaining
phenotypic variation by family membership with a model assuming
that family membership has no variation. Familiality estimates were
calculated using a polygenic model, and visual cortical measures
were covaried for age, sex, race, scanner, and intracranial volume
(for surface area).

BA, Brodmann area; h2R, residual genetic variance; MT, middle
temporal.

Visual Cortex Alterations in Psychosis
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V1 and V2 areas also had the highest familiality, which in-
dicates a higher hereditary influence on area measures. Our
results are also in line with previous studies showing that the
developmental effects of sex are more pronounced in area
than in thickness measures (64,65). Together, these findings
indicate that VC area and thickness alterations in psychosis
may result from two distinct processes that occur in different
stages of life, which likely reflect the effects of distinct bio-
logical, developmental, and environmental risk factors. There-
fore, these measures carry different information that may help
elucidate brain biology in psychosis and inform clinical risk
stratification. Sugranyes et al. (66) demonstrated baseline
surface area deficits but no thickness deficits in familial high-
risk individuals who later developed psychosis, while there
was progressive cortical thinning over time, predominantly in
the occipital cortex. Another study demonstrated reduced
surface area but no cortical thinning in unaffected carriers of
rare copy number variants associated with schizophrenia (67).
Further research is needed to shed light on the mechanisms
and clinical implications of these findings, such as their po-
tential use as biomarkers of early developmental insults and
risk or prognostic predictors.

The lack of differences in VC measures across DSM di-
agnoses is consistent with previous B-SNIP studies showing
overlapping biomarker profiles across these three disorders.
However, VC measures were also not different across the

http://www.sobp.org/journal


Table 3. Correlations Between Cognitive Measures and VC Structural Measures

Cognitive Measure Group VC Measure r Value p Value q Value

BACS Total Probands Left MT area 0.146 .001 .018

BACS Total Male probandsa,b Left MT area 0.213 .001 .018

BACS Total Probands Left MT volume 0.137 .002 .036

BACS Total Male probandsa,c Left MT volume 0.221 .001 .018

Antisaccade Error Rate Probands Left MT area 20.136 .003 .027

Antisaccade Error Rate Male probandsa,d Left MT area 20.210 .002 .018

Antisaccade Error Rate Female probandsa,e Left V1 volume 20.201 .002 .036

Partial Spearman correlations were performed separately in probands, relatives, and HC subjects between three cognitive markers (BACS total
score, antisaccade error rate, emotion recognition task score) and V1, V2, and MT area, thickness, and volume measures. Correlations were
performed using age, sex, race, and total intracranial volume (only for area and volume) as covariates. Multiple comparison correction was
performed separately for area, thickness, and volume measures, separately in HC subjects, relatives, and probands. q value = FDR-corrected
p value. Only those cognitive and brain measures surviving multiple comparison correction are reported in the table.

BACS, Brief Assessment of Cognition in Schizophrenia; FDR, false discovery rate; HC, healthy control; MT, middle temporal; VC, visual cortex.
aThe comparison of correlations between male and female probands.
bFisher’s z = 1.32, q = .188.
cFisher’s z = 1.26, q = .207.
dFisher’s z = 1.82, q = .135.
eFisher’s z = 2.03, q = .085.

Visual Cortex Alterations in Psychosis
Biological
Psychiatry
B-SNIP biotypes, which are biologically distinct disease con-
structs derived from markers of high-level cognitive functions
and neurophysiologic measures. In previous studies, the bio-
types showed differences in gray matter volume, primarily in
anterior (i.e., frontotemporal and cingulate) regions (68,69). We
hypothesize that the impairments in VC measures, particularly
regional changes seen in early VCs, reflect the effects of early
neurodevelopmental insults, which may confer a broader pre-
disposition to psychotic disorders. In contrast, late-developing
anterior regions that control high-level cognitive functions may
be more vulnerable to factors that are active in later stages of
neurodevelopment, which may affect the brain in more specific
ways, resulting in biological heterogeneity seen across psy-
chotic disorders. Future research is needed to test this hy-
pothesis and explore the temporal relationship between
developmental/environmental risk factors and changes in brain
biology in psychosis.

Studies show lower surface area and volume in V1 and V2 in
females than in males in healthy individuals (24). Animal
B

studies suggest a more prominent cell loss in developing fe-
male VC compared with males, which is primarily due to the
effects of ovarian hormones (70). Our results demonstrating
visual cortical deficits that primarily affect female probands are
in line with previous studies suggesting a more pronounced
sexual dimorphism in brain structure in schizophrenia (e.g., in
frontomedial cortex, basal forebrain, cingulate and para-
cingulate gyri, amygdala) (25,27,71). In concordance with our
findings, Highley et al. (72) observed lower occipitoparietal
white matter volume in females with psychosis than in female
control subjects, while males with psychosis had greater vol-
ume than male control subjects. Onitsuka et al. (73) demon-
strated comparable V1 volumes but smaller V2 volumes in
males with schizophrenia compared with male HC subjects.
In contrast, despite describing smaller area in occipital regions
in schizophrenia, the ENIGMA meta-analysis showed no
group-by-sex interactions (21). Methodological differences in
the definition of visual subregions [e.g., the broader occipital
regions defined by the Desikan-Killiany atlas (74)] may be the
Figure 3. Peripheral inflammatory marker corre-
lations with visual cortical thickness. Scatter plots
showing pairwise Spearman correlations between
the natural log of C-reactive protein (CRP) and left
Brodmann area 18/V2 thickness in a subset of
participants. The cytokine markers were pre-
adjusted for storage days, assay set, and hemolysis
score. Significant correlations (q , .05) are depicted
here with their matched group for comparison.
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reason why these studies did not capture the sex-specific ef-
fects that we demonstrated in V1 and V2. Taken together, our
results support the hypothesis that neurodevelopmental ef-
fects of psychosis may potentiate the impact of physiological
sex-related modifications on the VC, which results in more
pronounced area and volume loss in VCs of female probands.

The significant effect of sex on VC area and volume in
probands may also be related to environmental factors that
distinctly affect females and males during development, such
as childhood sexual abuse (75,76). Studies demonstrated a
relationship between childhood trauma (i.e., sexual abuse or
witnessing domestic violence) and reduced gray matter vol-
ume in the VC of young adults (77,78), with the VC being the
primarily affected brain region. Future studies are needed to
further explore this relationship and its effect on psychosis
symptoms, such as visual hallucinations.

Our results demonstrate associations between lower MT
area and volume and poorer cognitive performance, including
BACS and antisaccade error task performances. MT, a region of
the visual association cortex and the dorsal (“where”) pathway,
plays a major role in motion perception and in the generation of
eye movements (79). Our findings are consistent with previous
studies showing impairments in MT-related functions in
schizophrenia (7) and their association with higher-level cogni-
tive deficits (2,80). Furthermore, we demonstrate that clinical
and cognitive markers are primarily associated with MT mea-
sures in probands. This is in line with the distinct developmental
course of early and extrastriate visual regions. Extrastriate
areas, including the MT, have a delayed development compared
with early VC (18), suggesting that these regions may be more
susceptible to the effects of disease processes and environ-
mental factors that are active later in life.

In addition, we demonstrated that increased peripheral
levels of CRP were associated with lower left V2 thickness in
psychosis probands and female probands but not in HC
subjects. Prior studies demonstrate that CRP is moderately
increased in schizophrenia and is associated with positive
symptoms (32). Our group recently showed higher levels of
CRP in psychosis probands, which were correlated with
greater Positive and Negative Syndrome Scale negative and
general symptom scores and with poorer BACS and anti-
saccade error task performances (58). While there are no
studies examining the effects of CRP on visual cortical mea-
sures in psychosis, preclinical and clinical studies demonstrate
the detrimental effects of systemic inflammation on the VC,
including neuronal, electrophysiological, microstructural,
endothelial, and astrocytic disruptions (29,30,33–35,54,58).
We also recently showed smaller cuneus (overlaps with V2)
thickness with greater CRP levels in individuals with psychotic
disorders (58) and structural network disruptions (greater
segregation and centrality, but lower integration) of the left
pericalcarine region (overlaps with V1) in first-episode psy-
chosis subtypes with high inflammation compared with those
with low inflammation (81). These studies, in conjunction with
the absence of neuroinflammatory changes in the VC (39–41),
suggest that systemic inflammation may negatively impact BA
18/V2 morphology (37). It is possible that environmental ef-
fects, such as trauma, may be mediating this relationship, and
future studies are needed. This hypothesis is supported by a
study showing that patients with bipolar disorder with
8 Biological Psychiatry - -, 2022; -:-–- www.sobp.org/journal
inflammatory conditions (including CRP levels .5 mg/L) and
reporting physical and/or sexual abuse exhibited reduced
depressive symptoms with infliximab treatment compared with
placebo (82).

While therearemanystrengths to this study, including sample
size,multiple diagnostic groups, andRELs, therearealsoseveral
limitations. Our psychosis sample was largely composed of
chronically ill, medicated individuals. Even though there were no
associations between active medication use and VC measures
and no differences between probands with and without anti-
psychotic use, potential confounders related to chronic medi-
cation effects and medical comorbidities cannot be eliminated.
In relation to peripheral inflammatory markers, we considered
several major confounders (age, sex, race, assay parameters,
cardiometabolic disease), but there were a number of factors
(lifetime antipsychotic exposure, body mass index, trauma, and
sleep-related issues) that were not measured in this study.

In conclusion, in a large multicenter sample, we demon-
strated significant structural impairments in VC subregions of
individuals with psychosis and their first-degree RELs,
showing regional specificity in female probands and associa-
tions with cognitive impairments and peripheral inflammatory
markers. These findings add to the evidence suggesting that
the visual system is a significant site of pathology in psychotic
disorders. Future studies exploring sex-specific effects on the
VC may inform disease mechanisms by investigating effects of
sex-related developmental and psychosocial factors and their
interactions with other insults leading to psychotic disorders.
Such research may help improve risk prediction models and
support the development of novel preventive approaches for
psychotic disorders.
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