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Methods and Materials
Subject Recruitment
Subjects were recruited through the clinical core of the Conte
Center for Neuroscience of Mental Disorders at Washington University in St. Louis. All subjects were interviewed by a Master’s level
clinician and underwent the Structured Clinical Interview for DSMIV-TR and symptom ratings with the Scale for Assessment of Positive and Negative Symptoms (SAPS/SANS) (18,19). Control subjects
were recruited with local advertisements in the same community as
patients but were excluded if they had any lifetime history of Axis I
psychiatric disorder or a first-degree relative with a psychotic disorder. Both control subjects and patients were excluded if they: 1) met
criteria for DSM-IV substance abuse/dependence within the past 6
months or met criteria for present diagnosis of anxiety or depression; 2) had any severe medical conditions; 3) suffered head injury
(past or present) with neurological symptoms or loss of consciousness; or 4) met DSM-IV diagnostic criteria of mental retardation. All
SCZ subjects were medicated at the time of the scan and had to be
receiving a stable level of medication for a period of at least 2 weeks
(but most subjects were receiving the same dose of medication for
6 weeks or more). All but two patients were receiving atypical
antipsychotic medication, and two patients receiving atypical medication also received typical antipsychotic medication.
Subjects provided informed consent approved by Washington
University and were administered the Matrix Reasoning and Vocabulary sections of the Wechsler Adult Intelligence Scale—Third Edition (WAIS-III) (20). Working memory (WM) maintenance performance was assessed with a modified Sternberg task (21) involving
abstract shapes at three levels of difficulty. Difficulty was varied on
the basis of the similarity of target and distracter samples, and only
the medium difficulty was used for subsequent correlation analyses, because it showed the largest between-group discrimination
[80% correct for control subjects, 72% correct for patients; t (43) ⫽
2.18, p ⫽ .03]. “Poverty” was quantified as the sum of flat affect,
alogia, avolition, and anhedonia SANS subscores; “reality distortion”
was the sum of hallucination and delusion SAPS subscores; and “disorganization” was the sum of bizarre behavior, positive formal thought
disorder, and inattentiveness SAPS/SANS subscores.
Scanning
All subjects were scanned on a 3-T Tim TRIO scanner (Siemens
Medical Solutions, Erlangen, Germany) at Mallinckrodt Institute of
Radiology at the Washington University Medical School. Restingstate functional images were acquired with an asymmetrical spinecho, echo-planar sequence, which was maximally sensitive to
blood oxygenation level-dependent contrast (T2*) (repetition time ⫽
2200 msec, echo time ⫽ 27 msec, field of view ⫽ 256 mm, flip ⫽ 90°,
voxel size ⫽ 4 ⫻ 4 ⫻ 4 mm). Each run lasted for 7 min and contained
175 sets of oblique axial images (32 slices/volume), which were
acquired parallel to the anterior–posterior commissure. Structural
images were acquired with a sagittal magnetization prepared rapid
gradient echo three-dimensional T1-weighted sequence (repetition time ⫽ 2400 msec, echo time ⫽ 3.16 msec, flip ⫽ 8°; voxel
size ⫽ 1 ⫻ 1 ⫻ 1 mm).
Preprocessing
We preprocessed the functional magnetic resonance imaging
(fMRI) data with the following steps: 1) slice-time correction, 2) removal
of first five images from each run to reach steady state, 3) elimination of
odd/even slice intensity differences due to interpolated acquisition, 4)
rigid body motion correction, 5) intensity normalization to a whole
brain mode value of 1,000 but without bias or gain field correction, 6)
registration—with a 12-parameter affine transform— of the structural
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image to a template image in the Talairach coordinate system (22), and
7) coregistration of fMRI volumes to the structural image with resampling to 3 mm3. Signal-to-noise ratio profiles (23,24) were calculated to
ensure comparable signal-to-noise ratio across groups. See Methods in
Supplement 1 for details.
Additionally, to remove possible sources of spurious correlations, all fMRI time-series were further preprocessed. These steps
included: 1) high-pass filtering with cutoff frequency .009 Hz to
remove scanner drift; 2) removal of a set of nuisance regressors
including signals from the ventricles, deep white matter, whole
brain average, motion correction parameters, and first derivatives
of these regressors; 3) low-pass filtering with cutoff frequency .08
Hz to remove scanner high-frequency noise; and 4) smoothing with
a 6-mm spherical dilation of gray matter voxels (to avoid averaging
nonbrain voxel noise with the gray matter).
Restricted GBC
The weighted GBC approach (14) was applied with AFNI (25) to
resting state fMRI data within the gray matter mask of PFC of each
subject, as defined by Freesurfer (26). This restricted global brain connectivity (rGBC) approach involved: 1) using each PFC voxel as a seed,
2) computing the Fisher z-transformed correlation of each voxel seed
with all other PFC voxels, and 3) averaging these correlations for each
seed and using the resulting value for each seed voxel in a new statistical map. The resulting map summarizes the average connectivity of
every PFC voxel to all other PFC voxels. We assessed rGBC dysconnectivity with two-tailed independent samples t tests between patients
and control subjects. We corrected for multiple comparisons with family-wise error cluster threshold correction (27) via AFNI’s AlphaSim. We
used the PFC anatomical mask for the rGBC analysis (p ⬍ .05 with ␣ at
.05 and cluster size of 84 voxels) and the whole brain anatomical mask
for subsequent region-of-interest (ROI) seed map analyses (p ⬍ .05
with ␣ at .05 and cluster size of 131 voxels). Caret 5.5 software (Washington University School of Medicine, Department of Anatomy and
Neurobiology, St. Louis, Missouri) was used for visualization, and all
results were projected to the population average landmark and surface-based atlas (28).
Probabilistic Dysconnectivity Maps
To explore the extent of variable dysconnectivity across patients, the connectivity with the globally dysconnected regions of
each patient was compared with the control group, and each voxel
was assigned the percentage of patients showing dysconnectivity.
See Methods in Supplement 1 for details.

Results
Participant Characteristics
The demographic data for the individuals with DSM-IV SCZ (n ⫽ 23)
and healthy control subjects (n ⫽ 22) are presented in Table 1. Briefly,
the groups were matched in terms of handedness, gender, age, parental education, and socioeconomic status. However, patients were impaired relative to control subjects on nonverbal (WAIS-III Matrix Reasoning) IQ, verbal (WAIS-III Vocabulary) IQ, and modified Sternberg
WM performance. Patients also showed presence of symptoms across
all cardinal domains (assessed with SAPS/SANS).
Within-PFC Global Dysconnectivity Associated with SCZ
We tested the hypothesis that SCZ involves within-PFC dysconnectivity by applying the weighted GBC approach (14) restricted to PFC.
This method involves selecting each PFC voxel and computing its
mean correlation with all other PFC voxels. The resulting statistical map
summarizes the amount of functional connectivity of every PFC voxel
to the rest of PFC for each subject. Next, we compared patient versus
control rGBC with independent samples t tests, which revealed two

BIOL PSYCHIATRY 2011;70:43–50 45

M.W. Cole et al.
Table 1. Participant Characteristics
Control Subjects

Age (yrs)
Gender (% male)
Paternal Education (yrs)
Maternal Education
Paternal SES
Maternal SES
Education (yrs)
Handedness (% right)
WAIS Vocabulary IQ
WAIS Matrix IQ
Medication (CPZ equivalents)
Mean SAPS Global Item Score
Mean SANS Global Item Score
Disorganization
Poverty
Reality Distortion

Significancea

Patients

M

SD

M

37.18
74
12.70
12.48
21.59
17.27
15.26
100.00
110.23
115.45

7.59

10.85
11.64

.02
.37
.78
1.13
.00

.11
.62
1.17
2.39
.00

36.54
79
13.58
13.61
27.39
25.68
13.08
87.50
96.30
102.83
589.88
1.94
2.47
5.33
10.33
4.42

1.46
1.53
8.92
8.55
2.12

SD
9.36
3.01
3.04
11.17
11.78
2.10
14.79
15.65
550.59
1.19
.79
2.75
3.48
3.54

t-Stat/2

p

.26
.42
1.28
1.59
1.91
2.69
3.51
1.43
3.55
3.04

.800
.679
.208
.119
.062
.010
.001
.158
.001
.004

7.7
9.9
7.2
10.4
6.0

1e-7
1e-12
5e-8
1e-12
5e-6

SES, socioeconomic status; WAIS, Wechsler Adult Intelligence Scale; CPZ, chlorpromazine-equivalent drug dosage;
SAPS, Scale for Assessment of Positive Symptoms; SANS, Scale for Assessment of Negative Symptoms.
a
Significance of between group statistical tests.

focal regions of reduced within-PFC connectivity in patients: 1) right
dorsolateral prefrontal cortex (DLPFC), and 2) left inferior frontal junction (IFJ) (Figure 1A, Table 2). We also examined the distributions of PFC
connectivity for each group (Figure 1B), which confirmed that the
observed group rGBC differences were primarily due to decreases in
positive connectivity for patients relative to control subjects.
Consistent DLPFC Whole-Brain Functional Dysconnectivity
Pattern
We next examined consistent patterns of dysconnectivity between the DLPFC and IFJ regions and the rest of the brain, by
comparing patient and control whole-brain connectivity seed
maps with the two PFC seeds identified in the aforementioned

analysis (Figure 2 for DLPFC; Figure S3 in Supplement 1 for IFJ). The
DLPFC showed, in contrast to reduced within-PFC connectivity,
increased connectivity with posterior cortex in patients, primarily
with sensory, semantic, and motor regions (Table 3). Exceptions to
this included reduced connectivity to posterior cerebellum and
right midtemporal cortex. As before, we examined the distributions
of correlations with DLPFC for identified ROIs (Figure 2B), which
confirmed that the posterior ROIs generally showed more positive
correlations with DLPFC for patients. In contrast, for prefrontal ROIs,
patients generally showed less positive correlations with DLPFC.
Given that we found IFJ connectivity did not significantly correlate
with SCZ symptoms (see following text), we included details on IFJ
whole-brain dysconnectivity in Table S1 in Supplement 1.

A)

IFJ

# of voxels (across subjects)

IFJ within-PFC connectivity
Patients
120

Controls

100
80
60
40
20
0
-0.1

0.0

0.1

0.2

Average connection strength

DLPFC within-PFC connectivity
# of voxels (across subjects)

B)

DLPFC

Patients
250

Controls

200
150

Figure 1. Within–prefrontal cortex (PFC) dysconnectivity in schizophrenia. (A) The weighted global brain
connectivity method (14) was used to assess withinPFC dysconnectivity, which involves assigning each
voxel its average connectivity to all other voxels. Two
regions—right dorsolateral prefrontal cortex (DLPFC)
and left inferior frontal junction (IFJ)—showed reduced within-PFC connectivity for patients compared
with control subjects. (B) The average connection
strengths for each voxel within the two regions are
depicted in histograms. The between-group shift in
distributions indicates both decreased positive connectivity and increased negative connectivity for patients. See Figure S4 in Supplement 1 for the basic
connectivity pattern of the DLPFC region.

100
50
0
-0.2

-0.1

0.0

0.1
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Average connection strength
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Table 2. Within-PFC rGBC, Patients Versus Control Subjects
Region

t-Stat

Volume (3 mm3)

Tal X

Tal Y

Tal Z

Area (s)

Right DLPFC
Left IFJ

⫺2.42
⫺2.40

193
84

48.6
⫺41.9

41.7
6.8

17.2
24.4

46, 45, 10
9, 6

PFC, prefrontal cortex; rGBC, restricted global brain connectivity; Tal, Talairach coordinate system; DLPFC, dorsolateral prefrontal cortex; IFJ, inferior frontal junction.

Assessing Global Dysconnectivity After Removing Focal
Dysconnectivity
Rather than providing evidence for dysconnectivity that is both
global and variable, the aforementioned results might indicate that
the rGBC results are due to several clusters that are consistently
dysconnected across individuals. We examined this possibility by
rerunning the rGBC analysis after removing all significant grouplevel clusters from the analysis for DLPFC (all PFC clusters in Table 3
were removed) and IFJ (all PFC clusters in Table S1 in Supplement 1
were removed) separately. To be conservative, we used a small
volume PFC-only cluster threshold (84 voxels) when identifying
group level significant clusters to be removed before rerunning
rGBC. If our VGD hypothesis holds, we should still observe a significant rGBC effect when rerunning the analysis on this reduced set of
voxels. We tested for that possibility in two ways. First, we computed whether the regions identified in the previous rGBC analysis
still show significant differences between the two groups. As expected, the DLPFC region remained significantly underconnected
with the rest of PFC (t ⫽ ⫺3.0, p ⫽ .005) even after removing clusters
showing significant dysconnectivity with DLPFC (Figure S2A in Sup-

plement 1). The IFJ showed a similar result (t ⫽ ⫺3.3, p ⫽ .002).
Second, we recomputed the voxel-wise PFC-only rGBC results. Results again revealed DLPFC and IFJ regions that were virtually identical to the ROIs identified by the original rGBC analysis. Results of
both tests confirm that DLPFC (and IFJ) within-PFC global dysconnectivity is not solely due to a specific pattern of dysconnectivity
that is consistent across patients, suggesting the presence of VGD.
Variable DLPFC Whole-Brain Functional Dysconnectivity
Patterns
We next examined the variability in DLPFC dysconnectivity
across patients. The percentage of patients showing dysconnectivity with DLPFC is depicted for each voxel in Figures S2B and S2C in
Supplement 1. These maps were created by comparing the DLPFC
connectivity of each patient with the DLPFC connectivity of the
control group with one-sample z tests. The maps indicate that
DLPFC dysconnectivity is global (much of cortex is dysconnected
with DLPFC when both positive and negative maps are considered)
and highly variable (most voxels are dysconnected in fewer than
30% of patients, yet 20 of 23 patients had some significant overcon-

Figure 2. The DLPFC is underconnected with prefrontal
cortex and overconnected with posterior cortex in
schizophrenia (SCZ). (A) Individuals with SCZ had significantly reduced DLPFC connectivity with several
other PFC regions compared with control subjects. In
contrast, individuals with SCZ had significantly increased DLPFC connectivity with several regions of
posterior cortex (except for right midtemporal cortex
and posterior cerebellum), predominantly involving
primary and secondary sensory regions. (B) Two representative regions are shown to illustrate the positive/
negative shift in DLPFC connectivity for patients relative to control subjects. Region 1 is medial, superior,
and anterior PFC, whereas Region 2 is superior occipital
gyrus. See Figure S3 in Supplement 1 for the equivalent
figure with inferior frontal junction as the seed region.
Abbreviations as in Figure 1.
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Table 3. Whole-Brain DLPFC Connectivity Differences Between Patients and Control Subjects
Region
Underconnected
Medial/superior/anterior PFC
Left posterior cerebellum
Right posterior DLPFC, superior frontal
Right mid temporal gyrus
Left PMCa
Right ventrolateral PFCa
Subcallosal cingulatea
Overconnected
Right superior occipital gyrus
Medial S1/S2
Left cuneus
Right insula/A1/A2/PMC
Left temporal lobe/S1/M1
Right A1/A2
Right parahippocampus/fusiform

t-Stat

Volume
(3 mm3)

Tal X

Tal Y

Tal Z

⫺2.66
⫺2.44
⫺2.43
⫺2.69
⫺2.49
⫺2.46
⫺2.50

732
231
224
164
116
107
92

13.4
⫺23.1
36.1
59
⫺37.5
40.2
⫺8.1

45.5
⫺79.7
18.7
⫺27
4.0
23.8
19.3

29.2
⫺31.7
56.4
⫺8.6
46.6
⫺7.0
⫺16.1

8, 9, 10
—
8, 9, 6
21, 20
6
47, 13
11, 25

2.65
2.66
2.46
2.42
2.55
2.46
2.55

585
478
249
246
244
186
141

41.1
9
⫺18.1
43.2
⫺54.9
64.5
38.5

⫺78.5
⫺34.7
⫺86.1
⫺13.9
⫺1.6
⫺31.4
⫺41.9

18
58.9
25.2
17.4
4.3
17.2
⫺12.8

19
5, 3, 2
18, 19
13, 41, 6
22, 43, 38, 3, 1, 4
41, 42, 22
36, 20

Area(s)

PMC, premotor cortex; other abbreviations as in Table 2.
With within-PFC family-wise error correction for multiple comparisons.

a

nectivity and every patients had some significant underconnectivity), as expected. Similar results were obtained for IFJ (Figure S5 in
Supplement 1).
Correlations of PFC and Non-PFC DLPFC Connectivity with
Cognitive Measures and Symptoms
We hypothesized that the high variability in DLPFC dysconnectivity
observed in the previous analysis would be related to individual differences in psychopathology. Furthermore, the observation of differences between DLPFC (and IFJ) within-PFC and non-PFC dysconnectivity in the previous analyses led us to ask whether these distinct
patterns of connectivity might differentially contribute to SCZ symptoms. To test these hypotheses, we computed: 1) average DLPFC and
IFJ within-PFC connectivity, and 2) average DLPFC and IFJ non-PFC
connectivity. We found that these connectivity values differed between patients and control subjects (Table S2 in Supplement 1), except
for IFJ non-PFC connectivity. Next, we examined whether these PFC
and non-PFC connectivity values correlated with individual differences
in cognitive deficits and SAPS/SANS symptoms.
Only the cognitive measures correlated significantly and in patients only—with average DLPFC connectivity to PFC and non-PFC
(Figure 3). The DLPFC within-PFC average connectivity was positively correlated with both matrix reasoning (r ⫽ .59, p ⫽ .003, CI ⫽
.23 to .80) and vocabulary (r ⫽ .45, p ⫽ .03, CI ⫽ .04 to .73) but not
with WM performance (r ⫽ .14, p ⫽ .5). In contrast, DLPFC non-PFC
average connectivity negatively correlated with matrix reasoning
(r ⫽ ⫺.52, p ⫽ .01, CI ⫽ ⫺.76 to ⫺.13), vocabulary (r ⫽ ⫺.49, p ⫽ .02,
CI ⫽ ⫺.75 to ⫺.10), and WM performance (r ⫽ ⫺.50, p ⫽ .01, CI ⫽
⫺.76 to ⫺.12). All significant regressions remained statistically significant when chlorpromazine-equivalent drug dosage, poverty,
disorganization, and reality distortion measures were each separately included as covariates, and these measures did not make a
significant contribution to any of these regressions (p ⬎ .27). These
results suggest that cognitive deficits in patients might be associated with a pattern of both DLPFC-to-PFC underconnectivity and
DLPFC-to-non-PFC overconnectivity.
Average correlations between IFJ and either PFC or non-PFC did
not significantly correlate with any cognitive measures or SAPS/SANS
symptoms.

DLPFC Brain-Wide Connectivity Correlations with Cognitive
Measures and Symptoms
In contrast to the focus on average PFC versus non-PFC connectivity in the previous analysis, we also investigated the relationship
between voxel-wise patterns of DLPFC/IFJ connectivity and cognitive measures as well as SAPS/SANS symptoms (Figure 4). Correlations were computed between each symptom domain measure
and DLPFC/IFJ connectivity to each voxel. In other words, we computed a correlation between each symptom domain and each voxel’s fcMRI connectivity with DLPFC (or IFJ) across patients. These
analyses revealed robust patterns of connectivity that were reliably associated with symptom severity at the whole-brain level,
across all three cognitive measures (Table S3 in Supplement 1)
and all three symptom domains (Table S4 in Supplement 1). In
contrast to DLPFC, IFJ connectivity only showed a correlation
between disorganization and a single region in visual cortex
(Table S5 in Supplement 1). Analyses of covariance including
chlorpromazine-equivalent drug dosage, symptoms (for the
cognitive correlations), and cognitive measures (for the symptom correlations) as covariates revealed that the results remained significant after these factors were accounted for. See
Results in Supplement 1 for details.
Positive correlations between DLPFC connectivity and the poverty symptom domain were present in a motor network (M1/S1,
presupplementary motor area, anterior cerebellum, and posterior
putamen), whereas negative correlations were present in medial
prefrontal cortex (MPFC) and precuneus/posterior cingulate cortex.
The reality distortion symptom domain positively correlated with
DLPFC connectivity to occipital regions and the frontal pole,
whereas it negatively correlated with supplementary motor area
(SMA) and a cluster including S1, M1, and inferior parietal lobe.
Finally, disorganization symptom severity positively correlated
with DLPFC connectivity to left middle temporal lobe (Wernicke’s
area), S1/S2/M1, and frontal pole, whereas it was negatively correlated with right posterior DLPFC and premotor cortex. Taken
together, these results show that variability in DLPFC fcMRI abnormalities was associated with symptom severity across all
cardinal symptom domains.
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DLPFC connectivity and cognition
DLPFC to PFC
120

DLPFC to non-PFC

r = -.52
p = .01

r = .45
p = .03

r = -.49
p = .02

r = .14
p = .52

r = -.50
p = .01
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Cognitive Measure

80
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100
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80

Vocabulary IQ

r = .59
p = .003

Matrix Reasoning IQ

130

70

80
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60
50
-0.02 0.00 0.02 0.04 0.06

Working Memory

90

-0.04 -0.02 0.00 0.02 0.04

DLPFC Connectivity [mean Fz]
Figure 3. The DLPFC connectivity correlates with cognitive measures differentially for PFC and posterior cortex. Three cognitive measures (Wechsler
Adult Intelligence Scale [WAIS] matrix IQ, WAIS vocabulary IQ, and working
memory [WM] task accuracy) and three symptom domain measures (poverty, reality distortion, and disorganization) were included in a DLPFC-connectivity correlation analysis. Only the cognitive measures correlated significantly with the within-PFC/non-PFC DLPFC connectivity estimates (p ⬍ .05,
false discovery rate corrected for multiple comparisons). None of these
correlations were statistically significant in control subjects. This pattern of
correlations is consistent with the pattern of DLPFC dysconnectivity (Figure
2) in that the more the connectivity patterns of patients resemble that of the
control subjects, the more their cognitive abilities look like those of the
control subjects. In other words, improved cognition is predicted by increased connectivity with underconnected PFC as well as decreased connectivity with overconnected posterior cortex. Abbreviations as in Figure 1.

Discussion
We hypothesized that VGD contributes to individual differences
in SCZ symptoms. We identified two PFC regions—right DLPFC and
left IFJ—with global dysconnectivity. Consistent with our predictions, variability in the dysconnectivity of one of these regions—
DLPFC—was strongly correlated with cognitive deficits and every
cardinal symptom domain. We also identified, in addition to VGD, a
consistent pattern of aberrant DLPFC coupling in patients involving
underconnectivity within PFC but overconnectivity with posterior
sensory, motor, and semantic cortical regions. Furthermore, variability in this “under/over” pattern of DLPFC dysconnectivity across
patients was associated with the severity of both cognitive impairments and cardinal symptoms, suggesting that further characterization of this DLPFC dysconnectivity pattern might be critical for
understanding the pathophysiology of SCZ.
A variety of possible genetic and/or environmental disease processes are thought to underlie brain disorders such as SCZ (3), major
depression (29), and autism (30). Finding evidence of VGD here
suggests that some disease processes can variably affect the global
www.sobp.org/journal

dysconnectivity of a focal region. Examples of neuropathology that
might variably affect the global dysconnectivity of a focal region
include abnormalities in genetics specifying regional connectivity
(31), insults during critical periods of the development of a brain
region (32), and/or neurotransmitter system disruption (33,34).
Given that many SCZ abnormalities are not specific to DLPFC, it
might be unclear why DLPFC shows greater global dysconnectivity
and is more tightly associated with SCZ symptoms than other PFC
regions. Multiple lines of evidence have implicated DLPFC as among
the most highly globally connected “hub” brain regions (15,35). Given
that such hubs exhibit extensive functional integration with the rest of
the brain, they might be especially vulnerable to spreading and receiving disruptions to/from many potential sources (36). Supporting this
conclusion, it has been suggested that DLPFC might use its extensive
connectivity to implement a wide variety of complex cognitive control
processes (14,37), many of which are compromised in SCZ (38).
Critically, we found that DLPFC was underconnected within PFC
in patients. This is consistent with a variety of PFC abnormalities
previously identified in SCZ. For instance, a recent meta-analysis of
diffusion MRI studies identified consistent reductions of PFC white
matter tracts in SCZ patients relative to control subjects (39), which
are likely reflected in fcMRI estimates (17). Decreased dopaminergic
tone in PFC could, from a neurotransmitter systems perspective,
contribute to less within-PFC coordination (40) and greater noise in
PFC due to increased random spiking of PFC neurons (34). Similarly,
N-methyl-D-aspartic acid hypofunction in patients (33) might reduce coherent bursting (41) and sustained (42) activity in PFC, contributing to an overall reduction in coordinated neuronal communication. Such disruptions in PFC connectivity might in turn
contribute to cognitive deficits via reduced integration with DLPFC.
We demonstrate that, consistent with this possibility, the magnitude of DLPFC underconnectivity was strongly associated with impairments in both verbal and nonverbal IQ.
DLPFC overconnectivity with posterior regions was also associated
with cognitive deficits. It was less clear how to interpret these findings
on the basis of the existing literature, though previous studies have
also identified a combination of decreased and increased connectivity
in the brains of SCZ patients (12) (see Gaspar et al. [43] for review). The
increased connectivity seen here might reflect aberrant influences of
posterior regions on PFC, PFC on posterior regions, or both. First, increased posterior-to-PFC connectivity might reflect sensory inputs interfering with PFC function, exacerbating cognitive deficits. In contrast,
increased PFC-to-posterior connectivity might reflect DLPFC-mediated attempts to reduce noise stemming from neurotransmitter abnormalities in posterior regions (44) via (possibly faulty) top-down
control (45). However, these top-down signals might actually amplify
noise by aberrantly biasing posterior cortical areas, possibly exacerbating cognitive deficits and symptoms. One speculative possibility is that
this might result in a vicious cycle in which increasing attempts to
compensate lead to increased noise that exacerbates symptom expression. Further research is necessary to assess these possibilities.
Importantly, we also found that DLPFC dysconnectivity correlated
with every cardinal symptom domain of SCZ. Prospective testing is
needed to further elucidate the complex constellations of connectivity
correlating with specific symptoms. However, present results suggest
that DLPFC dysconnectivity might play a central role in the disease
processes underlying cardinal SCZ symptoms. Furthermore, the patterns of symptom correlations are generally consistent with the withinPFC underconnectivity and non-PFC overconnectivity pattern observed in the cognitive findings discussed in the preceding text.
Overall, these results suggest that characterizing the mechanisms behind the observed under/over dysconnectivity pattern might provide
key insights into the neurophysiology of SCZ.
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Figure 4. Dorsolateral prefrontal cortex (DLPFC) connectivity correlates with all symptom domains of schizophrenia. The DLPFC connectivity correlations with
symptoms and cognitive measures were assessed across all voxels. All symptom domains (and cognitive measures) (Table S3 in Supplement 1) were
significantly correlated with multiple regions (p ⬍ .05, family-wise error corrected). In contrast, inferior frontal junction connectivity only correlated with
disorganization in a single region (Table S5 in Supplement 1). These results demonstrate the utility of global brain connectivity for localizing globally
dysconnected regions with high individual variability related to individual differences in symptoms.

The anatomical differentiation of the connections correlating
with different symptoms suggests the general under/over dysconnectivity pattern might have different functional consequences,
depending on the specific circuits involved. For instance, decreased
DLPFC connectivity with SMA was associated with increased reality
distortion symptoms, possibly due to reduced self-monitoring by
SMA creating the illusion that self-generated thoughts and percepts have external sources (46) (i.e., hallucinations). Furthermore,
correlations between reality distortion and increased DLPFC with
posterior sensory region connectivity are consistent with suggestions that some reality distortions originate from overly strong—
and dysfunctional—top-down signals upon sensory regions (47,48),
possibly originating in right DLPFC (49).
Greater disorganization severity was associated with stronger
DLPFC to Wernicke’s area connectivity and decreased DLPFC connectivity with other lateral PFC regions, in contrast to the circuits
correlating with reality distortion. This might reflect, in line with the
observed under/over dysconnectivity pattern, aberrant linguistic/
cognitive processing due to: 1) decreased DLPFC connectivity with
lateral PFC regions thought to be important for language/cognition
(50); and 2) as argued in the preceding text, an attempt to compensate for increased noise in Wernicke’s area by increased— but dysfunctional—top-down control.
Lastly, we also found that greater poverty symptom severity was
associated with weaker DLPFC connectivity with MPFC and posterior cingulate and stronger DLPFC connectivity with motor/somatosensory cortex. Again in line with the observed under/over
dysconnectivity pattern, this might reflect: 1) decreased DLPFC involvement with emotion processes in MPFC leading to altered affect; and 2) noise in motor regions (due to widespread neurotrans-

mitter system defects) leading to compensatory overcontrol by
DLPFC and consequent alterations in aspects of motor function
included in the poverty domain (51).
Critically, present results demonstrate the utility of GBC for identifying both variable and consistent global dysconnectivity. Other
recently developed graph theoretical approaches (52–54) have typically either: 1) required extensive within-group similarity in the
exact patterns of connectivity to identify differences between patients and control subjects (ruling out connections with substantial
individual differences) (see Figure S1 in Supplement 1), or 2) involved summary statistics (e.g., path length) that reflect general
systemic dysfunction rather than network-specific or region-specific dysfunction (which might lend clues regarding the origins of
systemic dysfunction). A recent graph theoretical study identified
some region-specific alterations in GBC (55), yet they did not take
the further step of characterizing the underlying connectivity patterns contributing to that result (essential to the present findings;
e.g., identifying the within-PFC underconnectivity pattern that led
to the GBC result in DLPFC).
In conclusion, disease processes that lead to VGD of focal brain
regions— especially regions that are functionally integrated network
hubs—might be present in a variety of neuropsychiatric diseases. We
found a substantial amount of symptom-related variability in DLPFC
dysconnectivity patterns across SCZ patients, supporting this possibility. Thus, extending GBC to other neuropsychiatric conditions might
confer great utility for identifying areas exhibiting global dysconnectivity relevant to individual differences in psychopathology.
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