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Visual processing abnormalities in schizophrenia (SZ) are 
poorly understood, yet predict functional outcomes in the 
disorder. Bipolar disorder (BD) may involve similar visual 
processing deficits. Converging evidence suggests that 
visual processing may be relatively normal at early stages 
of visual processing such as early visual cortex (EVC), 
but that processing abnormalities may become more pro-
nounced by mid-level visual areas such as lateral occipital 
cortex (LO). However, little is known about the connec-
tivity of the visual system in SZ and BD. If the flow of in-
formation to, from, or within the visual system is disrupted 
by reduced connectivity, this could help to explain percep-
tual deficits. In the present study, we performed a targeted 
analysis of the structural and functional connectivity of the 
visual system using graph-theoretic metrics in a sample of 
48 SZ, 46 BD, and 47 control participants. Specifically, we 
calculated parallel measures of local efficiency for EVC 
and LO from both diffusion weighted imaging data (struc-
tural) and resting-state (functional) imaging data. We 
found no structural connectivity differences between the 
groups. However, there was a significant group difference 
in functional connectivity and a significant group-by-region 
interaction driven by reduced LO connectivity in SZ rela-
tive to HC, whereas BD was approximately intermediate 
to the other 2 groups. We replicated this pattern of results 
using a different brain atlas. These findings support and 

extend theoretical models of perceptual dysfunction in SZ, 
providing a framework for further investigation of visual 
deficits linked to functional outcomes in SZ and related 
disorders.
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Introduction

Schizophrenia (SZ) is characterized by specific cognitive 
deficits associated with poor functional outcomes.1 Such 
deficits have been identified across multiple cognitive 
domains, including perception, attention, memory, exec-
utive functioning, social cognition, and others.2 Bipolar 
Disorder (BD) shares genetic risk factors and phenotypic 
characteristics with SZ.3–8 Extensive work has identified 
cognitive deficits in overlapping domains (eg, attention, 
memory, executive functioning) among persons with 
BD.3–5 In general, current evidence suggests that SZ 
and BD are associated with similar types of cognitive 
impairments, though deficits tend to be milder in BD.4,5

In SZ, many studies have identified specific, persistent 
deficits in the cognitive domain of visual perception using 
performance-based tests to assess backward masking, 
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contour integration, motion discrimination, and illu-
sion perception, among other perceptual phenomena.6–10 
Importantly, performance on such visual tests predicts 
everyday functioning in SZ, suggesting that visual per-
ception deficits might have important cascading effects 
on other types of  processing.7 Whereas early work in BD 
seldom assessed perception, emerging evidence suggests 
that there may be overlapping perceptual processing 
deficits for SZ and BD.11,12 Considering the overlap of 
various cognitive deficits between SZ and BD, it is pos-
sible that perceptual deficits could relate to impaired 
functioning in BD also. Therefore, improved under-
standing of factors that contribute to perceptual deficits 
in SZ and BD could help identify treatment targets for 
improvement of everyday functioning in both disorders.

The neural factors that result in visual perceptual dys-
function in SZ and BD remain poorly understood, but 
abnormalities in visual cortex appear to contribute. In 
particular, an object-selective region of lateral occipital 
cortex (LO) has been associated with various percep-
tual deficits. LO has been shown to function abnormally 
during masking and contour integration tasks in SZ,13,14 
and during an object discrimination task in both SZ and 
BD.15 By contrast, early visual cortex (EVC) function has 
been found to be relatively normal during such tasks, 
though some studies have found subtle deficits linked to 
EVC.13,16,17 Related theoretical models of perceptual dys-
function in SZ have posited that early-stage visual proc-
essing (eg, in EVC) is relatively normal, but processing 
abnormalities emerge and compound as information 
progresses through more advanced stages of processing.18

Despite considerable evidence of abnormal functioning 
for specific nodes within the visual processing network 
during visual processing tasks in SZ and BD, little is 
known about the connectivity of the visual system in 
these disorders. If  the flow of information to, from, or 
within the visual system is disrupted by reduced connec-
tivity, this could help to explain perceptual deficits.

MRI can be used to examine both structural and func-
tional connectivity. Structural connectivity is typically 
assessed using diffusion-weighted imaging (DWI), which 
provides a basis for measuring the organization and strength 
of white matter connections between brain areas. Functional 
connectivity refers to patterns of correlated activity across 
brain areas; it can be measured using functional MRI (fMRI) 
and is often assessed during a task-free resting-state scan.

Many studies have evaluated structural and functional 
connectivity in SZ and BD, but rarely in the same study. 
Most connectivity studies have performed whole-brain 
analyses rather than hypothesis-driven investigations 
of specific regional networks, and findings have been 
mixed. Multiple studies have reported structural or func-
tional dysconnectivity in people with SZ or BD.16–22 In 
general, whole-brain connectivity findings vary consider-
ably across studies, and contradictory results exist in the 
literature.19–21

The many whole-brain studies of structural and func-
tional connectivity do not address whether specific 
nodes of the visual processing network are connected 
abnormally in SZ or BD. To our knowledge, no study 
has performed hypothesis-driven comparisons of con-
nectivity among different visual system nodes in these 
disorders. Thus, although there has been considerable 
research on structural and functional connectivity in SZ 
and BD, it is not clear from the existing literature whether 
the connectivity of visual areas that have been identified 
specifically as dysfunctional during task-based fMRI (eg, 
LO) is normal or abnormal.

The present study aimed to address this question with 
a targeted investigation of EVC and LO connectivity. We 
used a parallel approach to estimate both structural and 
functional connectivity in these areas, defining network 
nodes according to the same anatomical parcellation 
for both modalities, and using the same graph-theoretic 
measures of connectivity for both modalities. The main 
goal of the study was to examine the connectivity of spe-
cific visual system nodes. We selected local efficiency as 
our primary measure as it is among the most common 
indices of nodal connectivity.22–27 In keeping with earlier 
studies, we also computed a brain-wide measure of con-
nectivity—global efficiency—for each modality. Local 
efficiency captures the fault tolerance of a topological 
neighborhood of nodes (ie, the capacity for information 
transfer between adjacent nodes when a node of interest 
is removed).28 Global efficiency indexes the parallel proc-
essing efficiency of the entire network.28

Based on findings from task-based fMRI and a priori 
predictions based on theory, we hypothesized that SZ and 
BD would show reductions in both structural and func-
tional local efficiency, and that those reductions would 
be greater in a mid-level visual area (LO) than in EVC. 
While we had strong theoretical reasons to focus a priori 
on group-by-region interactions involving EVC and LO, 
we were also interested to know whether local efficiency 
might differ by group for other regions of visual cortex. 
Therefore, we performed exploratory comparisons of 
local efficiency across groups for other nodes included in 
the anatomical parcellation of the occipital lobe (cuneus 
and lingual gyrus). We also performed a confirmatory 
analysis of significant findings using a different brain 
atlas.

Methods and Materials

Participants

Participants in this study came from an NIMH-sponsored 
investigation of visual processing in major mental illness. 
Some of the data from the project have been included in 
previous publications that tested distinct hypotheses, in-
cluding an investigation of relationships between resting-
state connectivity and social processing,29 and a targeted 
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investigation of the structural connectivity of the optic 
radiations.30

Detailed recruitment information and selection 
criteria for all participants are provided in the supple-
mentary methods and briefly summarized here. All pa-
tient participants were clinically stable outpatients with 
a DSM-IV diagnosis of SZ or BD based on a structured 
clinical interview (SCID).31 Members of those 2 groups 
were on clinically-determined doses of medication and 
tested outside of mood episodes.

In total, 149 participants completed both a DWI scan 
and a resting-state fMRI scan. However, 6 participants 
were excluded for reasons related to resting-state motion 
(supplementary methods). In addition, 1 participant was 
excluded due to poor brain coverage during fMRI, and 1 
participant was excluded because of technical problems. 
Thus, the usable sample for all analyses described in this 
paper was 141 participants, including 48 SZ, 46 BD, and 
47 HC.

MRI Data Collection

All MRI data were collected at the UCLA Staglin 
Center for Cognitive Neuroscience on a 3-Tesla Siemens 
Tim Trio scanner with a 12-channel head coil (Siemens 
Medical Solutions; Erlangen, Germany). T1, DWI, and 
resting-state fMRI scans were collected using standard 
parameters described in detail in the supplementary 
methods.

MRI Data Analysis

A brief  summary of the methods used for MRI data 
analysis is included in this section. For a detailed descrip-
tion of all MRI processing steps, see the supplementary 
methods. There were 3 overarching steps for the MRI data 
analysis: defining network nodes based on automated 
segmentation of structural scans using FreeSurfer,32 
processing of resting-state fMRI data using FSL,33,34 and 
processing of DWI data using MRtrix3.35

T1 Anatomical Data Analysis (Defining Nodes). Individ-
ualized anatomical nodes for both functional and struc-
tural connectomic analyses were created from each 
subject’s high-resolution T1 scan using the Desikan-
Killiany Atlas.36 In order to focus on identical areas of in-
terest across modalities, the same anatomical parcellation 
was used for both structural and functional connectivity 
analyses, rather than using a different atlas for each. The 
primary nodes of interest for the study corresponded 
to the pericalcarine (ie, EVC) and LO labels. We also 
performed post hoc exploratory analyses of 2 adjacent 
occipital labels: the lingual gyrus and cuneus.

In order to confirm that significant results of the pri-
mary analyses were not atlas-dependent, we performed 
a replication of significant findings using a different 

parcellation scheme. For these analyses, we parcellated 
the brain into nodes according to the multimodal Glasser 
atlas as described in the supplementary methods and re-
peated the graph analyses using the same methods with 
this new set of nodes. The Glasser parcellation scheme 
was developed from multimodal Human Connectome 
Project MRI data to divide the cortical surface into 180 
regions per hemisphere based on both structural and 
functional characteristics.37

Resting-State fMRI Analysis. A multi-step approach 
was used to characterize and correct motion during the 
resting-state fMRI scans, including 3-stage affine motion 
correction using MCFLIRT38 and removal of residual 
motion effects using ICA-AROMA.39 A detailed descrip-
tion of the approach to motion correction and other 
preprocessing (eg, skull stripping, spatial smoothing, 
high-pass temporal filtering) is provided in the supple-
mentary methods. Mean resting-state timecourses for 
each FreeSurfer node were extracted from the motion-
corrected and preprocessed data using fslmeants. Cross-
correlations for the timecourses of each pair of regions 
were computed to produce a complete connectomic 
matrix of functional connectivity. Negative values were 
made positive before graphs were created and analyzed. 
In some cases, rectifying negative correlations in this way 
can yield different results than excluding negative values 
from graph analyses. We performed follow-up analyses 
of the resting state connectomes that excluded negative 
correlations to rule out this possibility.

DWI Data Analysis. Quality checks of the DWI data 
were performed using FSL (supplementary methods). 
Following the quality control steps, preprocessing of raw 
DWI data for tractography was performed using MRtrix3, 
as described in the supplementary methods.35 After the 
DWI data were preprocessed, anatomically constrained 
probabilistic tractography was performed in MRtrix3 to 
produce a connectome matrix of the estimated strength 
of white-matter connections (ie, the apparent fiber den-
sity, based on the SIFT2 algorithm40,41) between each pair 
of FreeSurfer-defined cortical and subcortical nodes for 
each participant, analogous to the functional connectome 
matrix.42 Figure 1 shows an example tractogram. Details 
of the approach to probabilistic tractography are in-
cluded in the supplementary methods.

Graph Analyses and Statistics

We used the Brain Connectivity Toolbox23 in MATLAB 
to calculate separate graph-based global and local 
efficiency scores for the structural and functional 
connectome matrices. Efficiency scores were calculated 
from thresholded (ie, binarized) connectome matrices, 
in which connections above a specific threshold are 
considered present and connections below that threshold 
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are considered absent. We had no a priori interest in a 
particular threshold and wanted to avoid biasing the 
results according to the range of  thresholds selected, 
so we used the common technique of  parametrically 
varying thresholds across a broad range and calculating 
the area under the resulting curve (AUC), a technique 
that has been employed in other studies focused on 
graph-based measures.43 AUC values calculated in this 
way thus reflect threshold-independent measures of  ef-
ficiency. For the structural connectivity matrices, the 
data were thresholded by the number of  streamlines 
connecting each pair of  nodes (range: 100–100  000). 
For the functional connectivity matrices, correlation 
thresholds were applied (range: r  =  .1–1.0). At each 
threshold, efficiency scores were averaged across brain 
hemispheres, since visual cortex ROIs are highly sym-
metrical. AUCs for bilateral global and local efficiency 
over these ranges were used as the dependent variables 
in all statistical tests.

This procedure, using absolute thresholds to define 
graphs, is the preferred method for brain graph analysis 
when nodal statistics are of primary interest, but it can 
lead to confounding group differences in the number of 
edges present in the resulting graphs (ie, differences in 
network density) in some datasets.44,45 Therefore, the cur-
rent recommended best practice is to first test for group 
differences in network density and then include network 
density as a covariate in subsequent analyses if  any such 
differences are found.44,45 This was the approach we took 
in the present study.

Because a direct comparison of structural vs functional 
connectivity would not be interpretable (ie, connectivity 
estimates will naturally be higher in one modality than 
the other), separate, parallel statistical analyses were 
conducted for each modality. In each, one ANOVA was 
performed to test the hypothesis that global efficiency 
would differ across groups. A second ANOVA in each mo-
dality was performed to test the hypothesis that patient-
control differences in local efficiency would be more 

pronounced in LO than EVC (ie, a group by region inter-
action). Follow-up tests were used to clarify the interpre-
tation of significant effects in the ANOVAs. Replication 
of significant findings was performed using the Glasser 
atlas to confirm that results were not atlas-dependent.

To assess whether structural and functional connec-
tivity were related within or between EVC and LO, we 
also correlated local efficiency scores between the 2 re-
gions and the 2 modalities within each group. Due to the 
relatively large number of tests, Bonferroni correction was 
applied to the significance threshold for these analyses. 
Possible group differences in correlation magnitudes were 
assessed using Fisher’s Z transformation.

In order to identify possible relationships between 
medication dosage and connectivity, we calculated 
chlorpromazine-equivalent antipsychotic dosages and 
looked for correlations with the connectivity meas-
ures. Specifically, we calculated equivalent dosages for 
members of the SZ and BD groups who had sufficient 
medication information available, using published con-
version factors.46,47 As for the other correlations, we 
performed Bonferroni correction for these analyses to 
avoid false-positive results due to the number of tests.

Results

Participants

Table  1 contains demographic and clinical information 
about the included participants. Age, handedness, and 
parental education did not differ significantly across the 3 
groups. As expected, the SZ group had fewer years of per-
sonal education. The 2 patient groups were well-matched 
for illness duration and did not differ on the HAM-D 
or YMRS scales. The SZ group had significantly higher 
BPRS scores than the BD group.

Members of the BD group were tested outside of 
mood episode. Within the BD group, 12 participants 
had a history of psychosis and 34 did not. Twenty-nine 
had a diagnosis of BD I and 17 had a diagnosis of BD 

Fig. 1. Example DWI tractogram from one SZ participant in native anatomical space (axial, sagittal, and coronal views, downsampled to 
200k streamlines for display purposes). Each line represents one streamline. Line colors are assigned according to the primary directional 
axis of the streamline.
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II. To investigate possible differences in structural and 
functional connectivity between these BD subgroups, we 
performed exploratory follow-up ANOVAs that focused 
on those BD groups. None showed any significant effects 
of diagnosis or psychosis history (supplementary table 3).

While there was no significant difference in participant 
sex across groups, there was a trend toward a group differ-
ence (P =  .07). Some previous studies in healthy samples 
have found sex differences in graph-theoretic measures 
of connectivity, including global and local efficiency, par-
ticularly for tractography-based measures of structural 
connectivity.48,49 In fact, consistent with these findings, we 
found higher global structural connectivity in females than 
males in our data (F(1,134) = 12.27, P < .01, η2p = 0.08) 
but no group by sex interaction (F(2,134) = 0.47, P = .63, 
η2p = 0.01). We did not find any sex effects on local effi-
ciency measures of structural connectivity or on any func-
tional connectivity measures. Considering the sex effect on 
global efficiency in our structural data, we included sex as a 
factor of non-interest in all ANOVAs.

Structural Connectivity

There was no significant difference in network density 
across groups (F(2,134) = 0.73, P = .48, η2p = 0.01), so 
no statistical correction for network density was required 
in subsequent tests.44,45 We found no significant group 
difference in global efficiency (F(2,134) = 2.11, P = .13, 
η2p = 0.03). Supplementary figure  1 shows global effi-
ciency scores over the full range of thresholds by group 
and sex.

We compared local efficiency scores between EVC and 
LO in a repeated-measures ANOVA with a fixed between-
subjects factor group. This ANOVA identified a significant 
main effect of region (F(1,134) = 953.01, P < .001, η2p = 0.88
), with EVC showing higher local efficiency than LO. No 
other main effects or interactions were significant (group 
main effect: F(2,134)  =  0.44, P  =  .65, η2p = 0.01; group-
by-region interaction: F(2,134) = 0.61, P =  .55, η2p = 0.01
). Plots of local efficiency by region and group across the 
full range of streamline thresholds appear in figure  2.  

Table 1. Characterization of Participants Included in the Analyses

SZ (N = 48) BD (N = 46) HC (N = 47) Group Comparison

 Mean (SD) Mean (SD) Mean (SD) Statistic P

Age 46.09 (11.59)  
Min = 21  
Max = 63

43.98 (12.55)  
Min = 21  
Max = 64

47.21 (8.18)  
Min = 30  
Max = 63

F(2,137) = 1.05 .35

Illness duration (y) 23.60 (12.76) 22.58 (12.75)  t(85)=0.37 .71
Personal education 12.87 (2.10) 14.13 (2.31) 14.36 (1.79) F(2,136) = 7.00 .001
Parental education 12.99 (2.89) 14.02 (2.64) 13.76 (2.68) F(2,128) = 1.67 .19
Sex (M/F) 31 / 16 23 / 23 20 / 27 χ 2(2) = 5.39 .07
Handedness (R/L) 41 / 6 41 / 4 40 / 7 χ 2(2) = 0.79 .67
BPRS (Total) 39.51 (10.38) 33.34 (5.35)  t(89) = 3.53 .001
HAM-D (21-item Total) 7.17 (6.07) 7.08 (5.35)  t(92) = 0.07 .95
YMRS (Total) 4.58 (4.05) 3.44 (4.46)  t(91) = 1.29 .20

Fig. 2. Structural connectivity local efficiency scores for the 2 primary regions of interest (Early Visual Cortex & Lateral Occipital 
Cortex) across all thresholds.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgaa056#supplementary-data
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Page 6 of 11

E. A. Reavis et al

Supplementary figure 2 shows the local efficiency scores by 
region, group, and sex. Exploratory analyses of local efficiency 
scores for the cuneus and lingual gyrus nodes showed no 
group differences (cuneus F(2,134) = 0.81, P = .45, η2p = 0.01
; lingual gyrus F(2,134) = 0.09, P = .91, η2p = 0.001).

Functional Connectivity

Estimates of participant motion did not differ across 
groups (supplementary tables 1 and 2). Likewise, there was 
no significant difference in network density across groups 
(F(2,134) = 1.29, P = .28, η2p = 0.02), so no statistical cor-
rection for network density was required in subsequent 
tests.44,45 We found no significant group difference in global 
efficiency scores (F(2,134) = 1.09, P = .34, η2p = 0.02). The 
same pattern of results were obtained for network density 
and global efficiency when negative values were excluded. 
Supplementary figure 3 shows the global efficiency scores 
across the full range of thresholds by group and sex.

As in the structural connectivity analysis, we compared 
functional-connectivity-based local efficiency scores be-
tween EVC and LO in a repeated-measures ANOVA 
with a fixed between-subjects factor group. This 
ANOVA identified a significant main effect of region 
(F(1,134)  =  32.82, P < .001, η2p = 0.20), with EVC 
showing higher local efficiency than LO. There was also a 
significant main effect of group (F(2,134) = 3.63, P = .03, 
η2p = 0.05), and a significant group-by-region interac-
tion (F(2,134) = 3.27, P = .04, η2p = 0.05). The pattern of 
results was the same when negative values were excluded. 
Plots of local efficiency by region and group across the 
full range of functional connectivity thresholds appear in 
figure 3. Supplementary figure 4 shows local efficiency by 
region, group, and sex.

Having identified a significant main effect of group 
and a group-by-region interaction, we performed post 
hoc analyses. Pairwise comparisons suggest that the 
group main effect was driven by differences between SZ 
and HC (P = .008); there were no significant differences 
between BD and HC or between BD and SZ (P = .11 and 
P = .28, respectively). To explore the group-by-region in-
teraction, we conducted follow-up ANOVAs within EVC 
and LO. EVC showed no significant group difference 
(F(2,134) = 1.03, P = .36, η2p = 0.02), but LO did show a 
group difference (F(2,134) = 5.90, P = .004, η2p = 0.08). 
Further pairwise group comparisons for LO show greater 
local efficiency in HC than SZ (P = .001), and marginally 
greater local efficiency in HC than BD (P = .053), but no 
significant difference between BD and SZ (P = .15).

To further investigate the regional specificity of 
group differences in functional connectivity, we 
performed exploratory analyses of  local efficiency for 
the cuneus and lingual gyrus (the 2 adjacent occip-
ital regions included in the parcellation). The lingual 
gyrus showed a significant group difference in local 
efficiency, similar to LO (F(2,134)  =  5.78, P = .004, 
η2p = 0.08). Although the cuneus showed a trend in the 
same direction, local efficiency did not differ signifi-
cantly across groups in the cuneus (F(2,134) = 2.57, P 
= .08, η2p = 0.04).

In order to confirm that the significant results of  the 
primary analyses were not atlas-dependent, we repeated 
the functional connectivity graph analyses using the 
Glasser atlas. We found a highly similar pattern of  effects 
using this parcellation scheme. Specifically, we found sig-
nificant group differences in each of  the 3 sub-regions of 
LO but no significant group differences in V1, V2, V3, or 
V4 (table 2).

Fig. 3. Functional connectivity local efficiency scores for the 2 primary regions of interest (Early Visual Cortex & Lateral Occipital 
Cortex) across all thresholds.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgaa056#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgaa056#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgaa056#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgaa056#supplementary-data
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Relationship Between Structural and Functional 
Connectivity

To assess potential relationships between structural and 
functional connectivity, as well as between EVC and 
LO, we calculated pairwise Pearson correlations for 
local efficiency across both regions and both modalities 
within each group. The pattern of  results was the same 
across all 3 groups: consistent moderate correlations 
between the 2 regions within each modality but no 
significant correlations between modalities (table  3). 
Fisher’s r-to-Z tests showed no significant difference in 
the magnitude of  any correlation between any pair of 
participant groups.

Relationship Between Medication Dosages and 
Connectivity

To evaluate possible relationships between medica-
tion dosage and connectivity, we calculated Pearson 
correlations between chlorpromazine-equivalent 
dosages and each primary connectivity metric. 
All correlations with local efficiency were clearly 
nonsignificant (r range: −.10–.10). The correlation 
between antipsychotic medication and functional 
global efficiency was also nonsignificant (r(62) = −.19, 
P = .14). The correlation coefficient for chlorpromazine-
equivalent dosage and structural global efficiency 
was somewhat higher (r(62)= −.28, P  =  .03), but this 

Table 2. ANOVAs Comparing Functional Connectivity Across Groups for Visual ROIs in the Glasser Atlas (Replication Analysis)

Region F P η2p Significant Post Hoc Pairwise Comparisons

V1 0.94 .391 0.01  
V2 1.73 .182 0.03  
V3 2.10 .127 0.03  
V4 2.56 .081 0.04  
LO1 3.17 .045 0.05 HC > BD, P = .01; HC > SZ, P = .002
LO2 3.86 .023 0.06 HC > BD, P = .007; HC > SZ, P = .001
LO3 3.48 .034 0.05 HC > BD, P = .015; HC > SZ, P = .001

Note: Network density was included as a covariate in these ANOVAs due to a weak trend toward a group difference (P = .12).44,45 The 
results confirm significant effects found without the covariate. Results from the Desikan atlas (primary analysis) are presented separately 
in the main text. Regions indicated in bold type showed significant group differences at a level of P < 0.05. 

Table 3. Local Efficiency Correlations Across Modalities and Regions, by Group

Schizophrenia Functional Structural

EVC LO EVC LO

Functional EVC - r = .75, P < .001 r = −.22, P = .14 r = .11, P = .48
LO  - r = .004, P = .98 r = .03, P = .85

Structural EVC   - r = .52, P < .001
LO    -

Bipolar Disorder Functional Structural

EVC LO EVC LO

Functional EVC - r = .68, P < .001 r = .06, P = .68 r = .03, P = .84
LO  - r = .16, P = .29 r = .16, P = .29

Structural EVC   - r = .68, P < .001
LO    -

Healthy Controls Functional Structural

EVC LO EVC LO

Functional EVC - r = .56, P < .001 r = .06, P = .69 r = −.06, P = .69
LO  - r = .05, P = .74 r = .02, P = .90

Structural EVC   - r = .56, P < .001
LO    -

Note: EVC, early visual cortex; LO, lateral occipital cortex. Correlations indicated in bold type showed were statistically significant at a 
level of P < 0.001.



Page 8 of 11

E. A. Reavis et al

effect did not survive correction for the number of 
correlations performed.

Discussion

The goal of this study was to identify abnormalities in the 
structural and functional connectivity of visual cortex in 
SZ and BD. We found no evidence of group differences in 
structural connectivity, but we did find group differences 
in functional connectivity that were consistent with our 
hypotheses.

Specifically, functional local efficiency across LO and 
EVC (2 occipital regions previously investigated in task-
based neuroimaging studies9–12) was reduced in SZ, with 
a significant group-by-region interaction indicating a 
larger difference in LO than EVC. Further exploration 
of functional local efficiency identified one adjacent oc-
cipital node (the lingual gyrus) that showed a similar 
pattern of functional dysconnectivity to LO in SZ, while 
another (the cuneus) did not show a significant pattern 
of functional dysconnectivity. BD connectivity metrics 
were intermediate to the other 2 groups. In a replication 
using a different atlas, we again found significant group 
differences in connectivity for LO, but not for V1, V2, V3, 
or V4. We found all these effects using a wide, bias-free 
range of thresholds, although local efficiency differences 
appeared largest for high thresholds (r ~ .6–.9).

By contrast, functional global efficiency of the whole 
brain network did not differ across groups using the same 
wide range of thresholds. Because of the lack of signifi-
cant group differences in global connectivity, the fact that 
local connectivity measures showed a group-by-region in-
teraction, and the fact that including global connectivity 
as a covariate did not change this pattern of results, the 
observed differences in functional connectivity cannot be 
attributed to confounding effects of total connectivity. 
Possible confounding differences in network density 
across groups were also ruled out.

Based on patterns of visual processing deficits, as well 
as patterns of abnormal and spared brain activity during 
visual perception tasks, it has been theorized that visual 
processing in SZ is relatively intact in EVC but becomes 
progressively more abnormal due to compounding errors 
in processing as information moves up the visual hi-
erarchy.18 According to this model of visual processing 
deficits, mid- to high-level areas such as LO should show 
more pronounced processing abnormalities than early 
areas (eg, EVC). The present results lend additional 
support to this theoretical model. Indeed, the present 
findings further advance the model by demonstrating 
that such mid-level visual areas—but not EVC—show 
functional dysconnectivity in SZ, even when the struc-
tural connectivity of those same areas does not appear 
abnormal. The results also show a consistent pattern of 
intermediate functional dysconnectivity for mid-level 
visual cortex in BD. This fits well with the idea that BD 

could represent an intermediate phenotype between SZ 
and HC, with a corresponding pattern of intermediate 
differences in neural functioning. Thus, further research 
to investigate the utility of this model for understanding 
visual processing abnormalities in BD is warranted.

The results of the current study are broadly in keeping 
with findings from other recent studies that evaluated 
functional connectivity in the visual system in SZ but 
did not specifically investigate structural and functional 
connectivity of individual cortical areas at different 
levels of the visual processing hierarchy. One such study 
found reduced synchronization of activity across visual 
areas at rest in SZ (ie, differences in modularity of visual 
cortex).50 Another found abnormal functional connec-
tivity throughout the dorsal and ventral visual pathways.51 
A  third study found diminished functional connectivity 
within visual cortex in SZ, which was correlated with 
impairments on a perceptual closure task.52

The lack of group differences in structural connec-
tivity was somewhat unexpected. However, few previous 
structural connectivity studies have specifically focused 
on the visual system. Recently, we published a targeted 
probabilistic tractography study based on a subset of the 
participants in the current sample, in which we found no 
group differences in the optic radiations (the primary tha-
lamic input to EVC),30 although another study using dif-
ferent methods did find differences between SZ and HC 
for that tract.53 This is not to say that group differences 
in the structure of the visual system are entirely absent. 
In another recent publication, we examined the cortical 
thickness of EVC and LO in a subset of the current 
participants, and we found small but significant group 
differences, with thinnest cortex in SZ, thickest in HC, 
and intermediate thickness in BD.54

Similarly, the lack of significant correlations between 
structural and functional connectivity in this study might 
seem surprising. However, the associations between struc-
tural and functional connectivity may not be entirely 
bidirectional. For example, reductions in structural con-
nectivity would be expected to lead to reductions in func-
tional connectivity, but reduced functional connectivity 
might not diminish structural connectivity. Consequently, 
the absence of significant correlations between structural 
and functional measures is not particularly surprising 
because we did not see abnormalities in structural con-
nectivity for these regions. In other words, variation in 
functional connectivity for these regions appears to be at-
tributable to variation in factors other than macrostruc-
tural connectivity.

The present results show mid-level visual cortex func-
tional connectivity in BD to be roughly intermediate to 
the SZ and HC groups: not significantly different from 
HC, but not significantly different from SZ either. It 
is possible that intermediate levels of dysconnectivity 
could result from heterogeneity within the BD group, 
but comparisons of common BD subtypes (BD I vs II, 
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history of psychosis vs no history of psychosis) revealed 
no significant differences. Thus, it could be that people 
with BD, on average, tend to be phenotypically interme-
diate to SZ and HC in terms of visual system functional 
connectivity, regardless of disorder subtype. However, fu-
ture studies with larger samples of BD subtypes will be 
required to address this issue more fully.

Although the present results are generally consistent 
with the hypotheses of  the study and may help to inform 
theoretical models of  perceptual dysfunction in SZ and 
related disorders, the study had various limitations. First, 
the groups were not well matched for sex in this study. 
Although sex did not interact with any factors of  interest, 
more balanced numbers of  each sex across groups would 
be preferable. Second, it is possible that more sensitive 
structural connectivity measures (eg, higher-dimensional 
DWI) might reveal subtle group differences that were not 
apparent in the present analyses, and additional func-
tional connectivity data might reveal subtle differences in 
EVC local efficiency. Third, patients tested in this study 
were on clinically determined doses of  medication. We 
looked for and did not find any significant correlations 
between chlorpromazine-equivalent medication dosage 
and each of the graph metrics of  interest. Still, a purer 
test of  connectivity differences in unmedicated SZ and 
BD patients would be helpful for comparison, but such 
samples are extremely rare and are often unrepresentative 
of  the diseases. Fourth, by design, this study investigated 
only global and local efficiency. Dozens of other graph 
metrics exist, and it is possible that other metrics might 
reveal additional information about dysconnectivity in 
SZ or BD. The 2 metrics we examined are calculated 
based on shortest-path connections between nodes, while 
information transfer within the brain does not necessarily 
follow shortest paths.55 However, we focused only on the 
2 most common metrics of  local and global efficiency to 
minimize the likelihood of spurious findings that could 
result from performing many analyses not driven by 
strong hypotheses, and to maximize the comparability of 
this study to other studies in psychopathology.

A more general limitation is that the current dataset 
is not able to identify the specific causes of observed 
group differences in functional connectivity. It is pos-
sible that differences in brain structure could contribute 
(eg, cortical thickness differences, or differences in 
microstructural connectivity that are not detectable with 
DWI). It is also possible that functional connectivity 
differences are driven largely by differences in dynamic 
physiological processes (eg, cognitive activity during the 
scan). The root causes of group differences in functional 
connectivity and the relationships between structural and 
functional connectivity are important topics for future re-
search, but the present data do not directly address these 
questions except insofar as correlational measures sug-
gest that structural and functional connectivity are not 
highly related for the particular visual regions examined.

Despite these limitations, our study provides im-
portant, novel evidence of visual system functional 
dysconnectivity in SZ, and it suggests an intermediate 
phenotype for visual processing in BD. This evidence 
serves to corroborate and advance theoretical models of 
dysfunctional visual perception in SZ, which may pro-
vide a framework for understanding dysfunction in other 
cognitive domains in the future. The results also suggest 
that theoretical models developed to explain perceptual 
deficits in SZ may help to explain similar deficits in BD 
and other related disorders on the psychosis spectrum.

While deficits in visual perception represent only one of 
many cognitive domains affected in psychosis spectrum 
disorders, there are several reasons to believe that under-
standing neural factors that contribute to deficits in visual 
perception could be particularly fruitful for advancing un-
derstanding of fundamental features of psychosis. First, 
visual processing deficits appear to have important down-
stream effects on processing in other cognitive domains 
in SZ. Specifically, deficits in visual processing are associ-
ated with cascading impairments in integrative cognitive 
domains such as social cognition, which in turn lead to 
deficits in functional outcomes.7 Second, details of the struc-
ture and function of visual processing areas are among the 
best understood of any brain regions thanks to decades of 
painstaking neuroscientific research. This makes the visual 
system an excellent model neural system for which it may 
be possible to identify specific processing abnormalities, 
particularly readily and precisely. Once abnormalities 
within this model system have been identified, it may be 
easier to identify corresponding abnormalities in other 
brain networks involved in other cognitive processing 
domains that have been less precisely characterized. Third, 
hallucinations, one of the most characteristic symptoms of 
psychosis, are a perceptual phenomenon, suggesting that 
perceptual abnormalities in disorders such as SZ and BD 
could be a core feature of these illnesses.

As such, while deficits in visual perception represent only 
a subset of the cognitive deficits that occur in the disorder, 
understanding perceptual deficits may prove important for 
understanding psychosis more broadly. Thus, the present 
results, and the extension of the model of visual processing 
deficits in SZ that they support, provide a basis for crit-
ical future research using similar methods, with the goal of 
understanding processing abnormalities that contribute to 
poor functional outcomes in disorders of psychosis.
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Supplementary data are available at Schizophrenia 
Bulletin Open online.
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