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We investigated brain wiring in chronic schizophrenia 
and healthy controls in frontostriatal circuits using dif-
fusion magnetic resonance imaging tractography in 
a novel way.We extracted diffusion streamlines in 27 
chronic schizophrenia and 26 healthy controls connecting 
4 frontal subregions to the striatum. We labeled the 
projection zone striatal surface voxels into 2 subtypes: 
dominant-input from a single cortical subregion, and, 
functionally integrative, with mixed-input from diverse 
cortical subregions.We showed: 1) a group difference for 
total striatal surface voxel number (P = .045) driven by 
fewer mixed-input voxels in the left (P  = .007), but not 
right, hemisphere; 2)  a group by hemisphere interaction 
for the ratio quotient between voxel subtypes (P  = .04) 
with a left (P  = .006), but not right, hemisphere increase 
in schizophrenia, also reflecting fewer mixed-input voxels; 
and 3)  fewer mixed-input voxel counts in schizophrenia 
(P  = .045) driven by differences in left hemisphere limbic 
(P  = .007) and associative (P  = .01), but not sensori-
motor, striatum.These results demonstrate a less integra-
tive pattern of frontostriatal structural connectivity in 
chronic schizophrenia. A  diminished integrative pattern 
yields a less complex input pattern to the striatum from 
the cortex with less circuit integration at the level of the 
striatum. Further, as brain wiring occurs during early de-
velopment, aberrant brain wiring could serve as a develop-
mental biomarker for schizophrenia.
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Introduction 

The cortical-subcortical basal ganglia network, which 
contains the frontostriatal circuits, is of interest in neuro-
psychiatric conditions such as schizophrenia because its 
subcortical thalamic output targets cognitive and limbic 
regions in the prefrontal cortex as well as motor regions 
in the frontal cortex. This allows the basal ganglia to 
modulate non-motor, cognitive, and emotional functions 
in addition to motor function.1–3 Functional areas of the 
cortex project in a generally topographic manner to the 
striatum which, consequently, has been divided into three 
functional zones: limbic, associative, and sensorimotor 
based on receiving projections from corresponding cor-
tical functional areas. These topographic projections have 
been described as forming three spatially and functionally 
segregated corticostriatal-thalamic feedback subloops.4 
Abnormalities in the corticostriatal projections in any of 
the three subloops could disrupt the functioning of the 
entire subloop and adversely affect cognitive, affective, or 
sensorimotor function.5–10

Cortical axonal projections to the striatum, how-
ever, are not exclusively topographically arranged (eg, 
11–13). Different striatal projection zones receive either 
overlapping, ie, mixed-input, from anatomically and func-
tionally diverse cortical subregions (integrative zones) or 
dominant-input from a single anatomical and functional 
cortical subregion (segregated zones) (see figure 1). The 
presence of such integrative and segregated corticostriatal 
target zones is strongly supported by both animal tract 
tracing and human imaging studies.11,12,14,15 Striatal target 
zones that receive overlapping cortical projections allow 
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for the integration of information from different cortical 
functional subregions (eg, 12,13).

Such an anatomic organization of frontostriatal con-
nectivity would result in different local connectivity pat-
terns on the surface of the striatum. Based on frontostriatal 
streamline counts, using dMRI tractography, we used 
diffusion MRI (dMRI) tractography in a novel way to 
detect such local variation by describing the degree of 
overlap in the projection zones of the outflow of stream-
lines from frontal cortex to the striatum. Based on the 
degree of such overlap, we labeled striatal surface voxels 
into 2 types: 1) segregated, or dominant voxels, (receiving 
dominant-input from a single functional cortical area); 
and, 2)  integrative, or mixed voxels, (receiving mixed-
input from diverse functional cortical areas). Second, to 
assess the balance between dominant and mixed voxels, 
we calculated what we termed a voxel type ratio (VTR) 
quotient which reflects the relative amount of segregated 
(dominant-input) vs integrative (mixed-input) striatal 
surface voxels in each hemisphere. The novelty of this 
dMRI approach is its focus on the projection zone pat-
tern on the striatal surface rather than on diffusion meas-
ures of the axonal projections, themselves.

Previously, we showed reduced striatal connec-
tivity in both first-episode and chronic schizophrenia in 
frontostriatal tracts using the diffusion measures of frac-
tional anisotropy (FA) and mean diffusivity (MD).10,16 To 

extend our earlier analyses of the microstructural diffusion 
properties of the frontostriatal white matter tracts, here, we 
assess group differences in brain wiring in this circuit. We 
hypothesize a less integrative projection zone pattern on the 
striatal surface in schizophrenia. More specifically, we pre-
dict 1) fewer number of mixed-input striatal surface voxels 
in schizophrenia; 2) a larger VTR quotient in schizophrenia 
driven by fewer mixed-input voxels; and 3)  group differ-
ences in the number of mixed-input voxels in limbic and as-
sociative striatal subregions, which subserve emotional and 
cognitive function, but not in the sensorimotor subregion.

Methods

Subjects

Twenty-seven male patients diagnosed with chronic 
schizophrenia were recruited from the VA Boston 
Healthcare System in Brockton, MA. Assessments with 
the Structured Clinical Interview for DSM-IV-Patient 
Version (SCID)17 were used to make DSM-IV diag-
noses. The non-patient edition of the SCID18 was com-
pleted for 26 males, healthy control subjects who were 
recruited from the general community and were group 
matched on age, sex, handedness,19 and parental socioec-
onomic status20 to the patient sample. Subject inclusion 
criteria were: right-handedness, 17 to 55 years of age, no 
history of electroconvulsive shock treatment, no history 
of neurological illness, no alcohol or drug abuse in the 
last 5  years, no medication with known effects on MR 
(such as steroids), and a verbal IQ above 75. Additionally, 
healthy controls were screened to exclude individuals 
who have a first-degree relative with an Axis I disorder. 
Written informed consent was obtained from all subjects 
after they received a complete description of the study. 
IRB approval for this study was approved by the local 
IRB committees at the VA Boston Healthcare System 
and at the Brigham and Women’s Hospital.

Image Acquisition and Preprocessing. For structural and 
DWI measurements, images were acquired using a 3 Tesla 
whole body General Electric MRI scanner (GE Medical 
Systems, Milwaukee) with a voxel size of 1 × 1 × 1 mm. 
The MRI sequences included a high resolution 3D T1 
(IR-FSPGR, TR 7.79 ms, TE 2.98 ms, TI 600 ms, flip angle 
10°, FOV matrix size 256 × 256, 176 slices, 1-mm slice 
thickness). Diffusion-weighted images were acquired using 
a twice-refocused echo-planar imaging sequence (TR 17 s, 
TE 80 ms, flip angle 90°, FOV matrix size 144 × 144, 85 
slices, 1.7-mm slice thickness, 51 gradient directions with 
b = 900 s/mm2 and eight baseline scans with b = 0). 

Preprocessing was performed using our laboratory’s 
standard pipeline that includes motion correction and 
manual brain masking.

Structural Image Post-Processing. All regions of inter-
ests (ROIs) were obtained from structural MRIs and then 
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Fig. 1. A. Mixed-input voxel (<0.7 threshold; left and right 
blue and yellow boxes represent different cortical functional 
subregions). B. Dominant-input voxel (>0.70% threshold; left and 
right blue and yellow boxes represent different cortical functional 
subregions). C. Model of frontostriatal connections. Parallel, 
segregated streamlines (4 black arrows) are shown, as well as 
convergent, integrative streamlines (2 red arrows). Far right voxel 
is representative of an overlapping-input striatal surface voxel; left 
and middle voxels are representative of dominant-input voxels. 
CTX: Cortex; DLPFC: dorsolateral prefrontal cortex; VLPFC: 
ventrolateral prefrontal cortex. 
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registered to the diffusion MRI images.  Cortical ROIs 
were automatically parcellated using the FreeSurfer, and 
the whole striatum ROI was segmented using manual 
tracing. Using the FreeSurfer software package (ver-
sion 4.0.2), we parcellated T1-weighted Spoiled Gradient 
Echo (SPGR) images into cortical gray and white matter 
regions for each subject.21 We also acquired high resolu-
tion 3D T2W images (TR of 3 s, a TE of 90 ms, a 90° flip 
angle, a FOV of 256 × 256mm, a matrix size of 256 × 256, 
176 slices, and 1-mm slice thickness). Using the FSL’s 
nonlinear image registration tool (FNIRT) algorithm 
in the FSL software,22 the T2 image for the same subject 
in the same coordinate space as the SPGR image was 
then registered to the baseline diffusion-weighted image. 
Whereas FreeSurfer software was used to parcellate cor-
tical regions of interest,21 the more difficult to delineate 
subcortical striatal regions of interests, both whole and 
subdivided striatum, were parcellated manually based on 
our published manual parcellation approach, with excel-
lent reliability,8,23 using the image-editing tool, 3D-Slicer, 
(http://www.slicer.org). The person who traced the stri-
atum was blind to subjects’ demographics. Specifically, 
we defined the limbic striatum (LST) as the ventral stri-
atum, the associative striatum (AST) as including the 
pre- and post-commissural caudate and pre-commissural 
putamen, and the sensorimotor striatum (SMST) as the 
post-commissural putamen for which reliability has pre-
viously been established.10,23,24 See the Supplementary 
section and supplementary figure S1 for details of this 
tracing methodology, including our method to delineate 
an oblique line that separates the ventral striatum from 
the the caudate and putamen, the dorsal striatum, and 
for separating the striatum into 3 functional subregions, 
ie, the LST, AST, and SMST.

Diffusion Imaging Two-Tensor Whole Brain Tractography 
Post-Processing. We corrected for head motion, with 
an in-house script utilizing the FSL software frame-
work25 to spatially register (rigid registration) each of 
the diffusion-weighted images to the first non-diffusion-
weighted (b = 0) image and subsequently updated the 
corresponding gradient directions to account for head 
motion (https://github.com/pnlbwh). Further, we con-
ducted a statistical test with the motion parameters 
obtained for both groups and found no significant differ-
ence between the head motion parameters.26 We, there-
fore, believe that motion is unlikely to be a contributor to 
the group differences observed in the analyses. We used 
the Unscented Kalman Filter (UKF) based two-tensor 
tractography algorithm27 to trace fiber paths throughout 
the whole brain.27,28 We seeded all voxels where the single-
tensor FA was greater than 0.18. To generate streamlines, 
voxels were randomly seeded 10 times and each generated 
streamline was traced from seed to termination.

The multi-tensor tractography algorithm27 used in 
this work was judged as one of the best tractography 

algorithms in a “Fiber Cup” challenge held during 
MICCAI 2009.29 It allows to faithfully trace fibers 
through crossing regions while estimating the tensor 
parameters in a consistent manner. The generated tracts 
were manually inspected to ensure that the fibers enter 
into the cortical and subcortical gray matter regions. The 
termination criterion, we employed based on these tests, 
was, thus, set to FA < 0.15 for the primary tensor as de-
scribed in detail by Malcolm et al.27

Calculating Ratio of Striatal Surface Areas (RSA) Based 
on Cortical Connectivity. We used FreeSurfer to se-
lect 4 frontal cortical ROIs as our cortical seed regions: 
1)  limbic cortex (comprised of rostral anterior cingu-
late gyrus and medial and lateral orbitofrontal cortex); 
2)  dorsolateral association prefrontal cortex (DLPFC; 
comprised of rostral middle frontal gyrus); 3) ventrolat-
eral association prefrontal cortex (VLPFC; comprised of 
inferior frontal gyrus); and 4) motor cortex (comprised 
of caudal middle frontal gyrus and precentral gyrus) (see 
figure 2). We selected the manually traced whole striatum 
as our target region. We extracted streamlines derived 
from the whole brain UKF tractography that connected 
each frontal cortical ROI with the striatum. Based on 
its connectivity profile with the above 4 frontal cortical 
ROIs, we labeled each surface voxel of the striatum. We 
used a threshold proportion of 0.7 such that if  a given 
surface voxel received more than 0.7 of its streamline 
counts from a given cortical seed region, it was labeled 
as a dominant (segregated) voxel corresponding to that 
seed region (ie, a majority, more than 70%, of the input 
streamlines to this voxel were from a single functional 

Fig. 2. 3D rendering of FreeSurfer frontal cortical ROIs. DLPFC is 
light blue; VLPFC is dark blue; Motor cortex is Red; Limbic cortex 
(rACG & OFC) is green. Only OFC is shown. DLPFC: dorsolateral 
prefrontal cortex; VLPFC: ventrolateral prefrontal cortex; rACG: 
rostral anterior cingulate gyrus; OFC: orbitofrontal cortex.

http://www.slicer.org
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbz129#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbz129#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbz129#supplementary-data
https://github.com/pnlbwh
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cortical subregion). If  not, it was labeled as a mixed (inte-
grative) voxel (see figure 1). We, thus, obtained 5 surface 
voxel subtypes (4 dominant subtypes based on receiving 
dominant-input from either DLPFC, VLPFC, limbic, or 
motor subregions, and 1 mixed subtype which did not 
receive dominant-input from any specific cortical func-
tional subregion). We calculated surface subtype voxel 
counts, bilaterally, for both the whole striatum and for 
each striatal functional subregion (ie, LST, AST, and 
SMST; see supplementary figure S1).

To test for a group difference in the relative amount of 
striatal surface area receiving dominant-input vs mixed-
input, we calculated a VTR quotient. This represents 
the relative ratio of striatal surface area voxels receiving 
dominant-input versus mixed-input from the cortex; ie, 
the proportion of the 2 types of cortical projection zone 
patterns on the striatal surface.

Specifically, we calculated the VTR quotient sepa-
rately for the left hemisphere (LH) and the right hemi-
sphere (RH) striatum, using the following formula: (LH 
dominant-input voxels − LH mixed-input voxels) / (LH 
dominant-input voxels + LH mixed-input voxels) × 0.5; 
(RH dominant-input voxels − RH mixed-input voxels) / 
(RH segregated voxels + RH mixed-input voxels) ×0.5.

Statistical Analysis

To test for group differences, mixed-model ANOVAs for 
number of all surface voxel subtypes, VTR quotients and 
for number of mixed voxels, alone, were used. A mixed-
model ANOVA was used with diagnostic group as the 
“between-subjects” factor, hemisphere (left, right), and 
surface voxel subtype type (DLPFC, VLPFC, limbic, 
motor, mixed), as the “within-subjects” factors, for total 
surface subtype voxel number.  A follow-up mixed-model 
ANOVA was used with diagnostic group as the “between-
subjects” factor, hemisphere (left, right) and striatal func-
tional region (LST, AST, SMST), as the “within-subjects” 
factors, for surface mixed voxel number.  A mixed-model 
ANOVA was used with diagnostic group as the “between-
subjects” factor, and hemisphere (left, right) as the 
“within-subjects” factor, for total striatal VTR quotient. 
Striatal surface voxel counts and striatal VTR quotients 
were the dependent measures used, respectively, in these 
models. In the case of a significant main effect or inter-
action, post hoc t-tests were used with significance set at 
P < .05 (two-tailed) to compare group mean differences, 
separately for LH and RH. We used the false-discovery 
rate correction for multiple comparisons.

Results

Subject Demographics

Mean age did not differ between schizophrenia and 
healthy controls (44.19 ± 11.1 vs 39.65 ± 11.10, 
P  = .118). Parental socioeconomic status also showed 

no significant difference between groups (P  = .27). As 
anticipated, however, there were significant differences in 
verbal IQ (98.6 ± 13.63, n = 27, vs 112.78 ± 16.26, n = 18, 
P  = .002) and subject socioeconomic status (3.37 ± 1.08, 
n = 27, vs 1.94 ± 0.80, n = 24, P  < .001). Used as a proxy 
measure of  premorbid IQ, the Wide Range Achievement 
Test Reading Score (WRAT-RS) did not significantly 
differ between the 2 groups (98.26 ± 12.29, n = 25 vs 
104.50 ± 10.2, n = 16, P  = .09). Patients received a mix-
ture of  typical and atypical neuroleptic medications and 
were taking a mean dosage of  417.35 + 325.29 chlor-
promazine mg equivalents, based on the conversion table 
of  Stoll30 for typical neuroleptics and the conversion table 
of  Woods31 for atypical neuroleptics. The schizophrenia 
patients had a mean age of  onset of  23.83 ± 5.79 (n = 23) 
and a mean duration of  illness of  20.22  years ± 10.22 
(n = 23). The clinical Positive and Negative Syndrome 
Scale (PANSS; 32) scores as well as demographic and 
medication information are included in table 1.

Measures of Striatal Surface Voxel Type and Surface 
Pattern

To test for a group difference in whole striatum surface voxel 
subtype counts, a mixed-model ANOVA was performed 
with group as the “between-subjects” factor, and side (left, 
right) and voxel subtype (limbic, dorsolateral PFC associ-
ative, ventrolateral PFC associative, motor, mixed) as the 
“within-subjects” factors. Results showed a main effect for 
group for surface voxel number (F(1,51) = 4.2, P  = .045). 
We did not find any significant group by surface voxel-type 
interactions. Post hoc t-tests showed fewer mixed voxels in 
the LH but not in the RH (P  = .007; P  = .2), in chronic 
schizophrenia subjects compared with healthy controls 
(see figure 3, Panel A). However, when we corrected with 
a false-discovery rate P-value criterion of .05, none of the 
post hoc t-tests were significant.

Additionally, to test for a group difference in the input 
pattern of striatal surface area, we reduced our surface voxel 
subtypes from 5 to 2 subtypes: 1) non-mixed voxels, which 
we created by combining all non-mixed voxel subtypes into 
a single non-mixed voxel category and 2) mixed voxels. We 
then calculated a VTR quotient (equation shown in the 
Methods section) which provided a relative ratio between the 
number of non-mixed and mixed voxels on the surface of 
the striatum. To test for group differences in VTR quotients, 
a mixed-model ANOVA was performed with group as the 
“between-subjects” factor, and side (left, right) and VTR quo-
tient as the “within-subjects” factor. Results showed a main 
effect for side (P  < .04), a trend effect for group (P  = .06) 
and, of note, a significant group by hemisphere interaction 
(P  = .04). Post hoc t-tests showed a left, but not right, hemi-
sphere increase in VTR quotient in schizophrenia vs healthy 
controls (P  = .006; P  = .5; figure 3, Panel B). Applying a 
false-discovery rate P-value criterion of .05, the LH VTR 
group difference remained statistically significant.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbz129#supplementary-data
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As both of our above results pointed to group differ-
ences being driven by reduced striatal surface mixed-
input voxel counts, and as our original hypothesis was 
that chronic schizophrenia subjects would have a less in-
tegrative frontostriatal structural connectivity pattern as 
manifested by fewer striatal surface mixed voxels, we fur-
ther examined the surface mixed-input voxels, alone.

Using a subregional analysis, we calculated the number 
of surface mixed-input voxels in each separate striatal func-
tional subregion to determine where in the striatum the 
number of surface mixed-input voxels differed between 
groups. To test for group regional differences in striatal 
surface mixed-input voxel counts, a mixed-model ANOVA 
was performed with group as the “between-subjects” factor, 
and hemisphere (left, right) and striatal functional subre-
gion (LST, AST, SMST), as the “within-subjects” factors.  
Results showed a main effect for group for striatal subre-
gional mixed-input voxel counts (F(1,51) = 4.0, P  = .05). 
We did not find a group by striatal subregion or any 
other interactions. Post hoc t-tests showed that the surface 
mixed-input voxel counts in the LH LST (t = 2.8, df = 51, 
P  = .007) and LH AST (t = 2.6, df = 51, P  = .013) were 
reduced in chronic schizophrenia compared with healthy 
controls. Applying the false-discovery rate correction for 
multiple comparisons, with a false-discovery rate P-value 
criterion of .05, we found that both LH LST and LH AST 
group differences remained statistically significant.

The Use of Multiple Thresholds to Test Threshold 
Validity in Calculating Striatal Surface Voxel Subtypes

To test the validity of our 0.7 threshold, we recalculated 
our results using 0.5 and 0.9 thresholds. We found similar 
results for both hemispheres; namely, that as the threshold 
increased, non-mixed voxel counts diminished and mixed 
voxels counts increased in smooth curves, with chronic 
schizophrenia subjects showing fewer mixed voxels for all 
thresholds. Thus, the use of different thresholds did not 
alter our results (see supplementary figure S2).

Discussion

The principal finding in this study is that chronic schiz-
ophrenia subjects have abnormal frontostriatal brain 
wiring compared to healthy controls due to a less integra-
tive frontal projection zone pattern on the striatal surface. 
This, in turn, allows for less “cross-talk” between func-
tionally diverse cortical areas in chronic schizophrenia at 
the level of the striatum. Specifically, first, we find that 
chronic schizophrenia subjects have fewer total striatal 
surface voxels labeled by cortical connectivity. This was 
driven by a reduction in number of mixed voxels in the 
LH striatum. Second, we find that chronic schizophrenia 
patients have a higher VTR quotient, ie, a higher ratio 
of dominant to mixed voxels, also consequent to fewer 
mixed voxels. Third, and lastly, we find that the overall 

Table 1. Demographic, Neuropsychological, and Clinical measures 

 

Male schizophrenia 
subjects (n = 27)

Male healthy control 
subjects (n = 26)

 
df t-test P-valueMean SD Mean SD

Age (years) 44.19 9.62 39.65 11.10 1, 51 −1.59 .118
Handednessb 0.72  

(n = 27)
0.24 0.79  

(n = 26)
0.17 1, 51 1.250 .217

Socioeconomic statusc        
 Subjects’s own 3.37 (n = 27) 1.08 2.22 (n = 24) 0.81 1, 47.7 −5.01 <.001**
 Parental 2.59 (n = 26) 1.14 2.22 (n = 23) 1.13 1, 47 −1.11 .27
WAIS-III Verbal IQ 98.26 (n = 27) 13.63 112.78 (n = 18) 16.26 1, 43 3.24 .002**
WRAT3_RSd 98.08 (n = 25) 12.29 104.50 (n = 16) 10.22 1, 39 1.76 .090
Symptom onset (age) 23.83 ±5.79 NA     
 (n = 23)       
Duration of illness (years) 20.22 ±10.22 NA     
 (n = 23)       
Antipsychotic Medication Dosagee 417.35 325.29 NA     
PANSS (Sum of Positive Scores) 20.65 (n = 26) 8.80 NA     
PANSS (Sum of Negative Scores) 20.54 (n = 26) 9.83 NA     
PANSS (Sum of General Scores) 41.15 (n = 26) 16.47 NA     
PANNS (Sum of all PANSS Scores) 82.35 (n = 26) 28.05 NA     

Note: WAIS-III = Wechsler Adult Intelligence Scale—3rd Edition; SAPS = Scale for Assessment of Positive Symptoms; SANS = Scale 
for Assessment of Negative Symptoms; NA = data not applicable.
aThe df differs among variables owing to unavailability of data in some participants. bHandedness was evaluated using the Edinburgh 
inventory and right -handedness is above zero. cHigher scores indicated lower socioeconomic status (Hollingshead, 1965). dWide Range 
Achievement Test Reading Score (WRAT-RS). eChorpromazine mg equivalents. Patients were receiving a mixture of typical and atypical 
medications; one patient was not taking medication at the time of the testing and three patients-specific medications were unknown.
**P < .01. 

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbz129#supplementary-data
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reduction in mixed voxels in chronic schizophrenia was 
driven by a group difference in the LH limbic and associ-
ative, but not sensorimotor, striatum.

Understanding the pattern of axonal outflow from 
the frontal cortex to the striatum is important because 
it illuminates the impact of the basal ganglia on cortical 
function. The anatomic organization of corticostriatal 
connectivity has been extensively explored in animal 
tract tracing studies and more recently in in vivo brain 
imaging studies (eg, 33,34). For example, Averbeck et al,11 
using animal tract tracing, found that certain projection 
zones of the striatum received inputs from all prefrontal 
regions which they examined, thus, allowing these target 
areas to serve as hubs for integrating information from 
diverse cortical functional subregions. Although our data 
do not indicate where fibers terminate in the striatum, 
the mixed voxels on the surface of the striatum similarly 
reflect a wiring pattern of convergence of outflow from 
diverse functional cortical subregions. Convergent with 
this, in healthy human subjects, Draganski et al,14 using 

probabilistic diffusion imaging, also found overlap in the 
striatal projection zones of prefrontal, premotor, and 
motor cortex.

As brain wiring occurs during development, MRI meas-
ures of aberrant brain wiring could, thus, serve as biolog-
ical markers for abnormal development. Such markers, 
for example, could identify early psychosis patients with 
abnormal development who might benefit from early in-
tervention to protect against biological or social “second 
hit” stressors. Our results of aberrant brain wiring in 
adult schizophrenia support a developmental hypothesis 
of schizophrenia,35,36 an idea strengthened by findings in 
genome-wide association studies (GWAS) which have 
identified developmental genes associated with SZ that 
affect neurogenesis, neuronal maturation, migration, and 
synaptic pruning.37–39

Our results are consistent with other studies that have 
utilized structural neuroimaging-based measures to as-
sess macrostructural neurodevelopmental pathologies 
in schizophrenia. For instance, abnormal cortical brain 
folding has been reported in schizophrenia using meas-
ures of cortical surface area complexity (eg, 40) and gyral 
index (eg, 41,42). Further, and as noted in a review by 
White (2010), there are strong indications that link brain 
white matter connectivity to cortical gyrification.43 White 
matter axonal tension may explain such a relationship.44

Additional support favoring abnormal 
neurodevelopment in disorders such as schizophrenia in-
clude that sulcal gyral patterns differ between groups.45 
For example, Yücel et al46 showed that the frequency of 
the presence of the paracingulate sulcus, which forms 
a parallel sulcus to the anterior cingulate sulcus, dif-
fered between schizophrenia and healthy controls. Also, 
Nakamura et  al47 showed a difference between schizo-
phrenia subjects and healthy controls in the configura-
tion of the “H-shaped” sulcus in the orbitofrontal cortex. 
Cortical malformations in this region, which targets the 
limbic striatum,48 might adversely affect the pattern of 
connectivity to the striatum with functional consequences. 
Of note, in our results, it is the limbic and associative stri-
atum, but not sensorimotor striatum, in the LH, that 
show the largest reductions in the number of mixed voxels 
in schizophrenia. 

In addition, our findings of more pronounced reduc-
tions in mixed-input voxels in limbic and associative vs 
sensorimotor subregions of the striatum are consistent 
with clinical presentations of schizophrenia character-
ized by greater deficits in emotion and cognition than in 
motor function. That our findings for mixed-input voxels 
were lateralized to the LH is consistent with the studies 
of asymmetry in schizophrenia.49,50 One such study by 
Cullen et al,51 eg, showed that in schizophrenia, compared 
to in healthy controls, there was a loss of left > right hem-
isphere cell density asymmetry which was secondary to 
lesser cell density and smaller soma in the LH dorsolat-
eral prefrontal cortex.

Fig. 3. Panel A scatter plot shows fewer mixed voxels in the left 
hemisphere on striatal surface in CSZ vs HCs. Panel B scatter plot 
shows an interaction between hemisphere and group; follow-up 
t-test shows larger VTR quotient in the LH in SZ vs HCs. * < .05. 
VTR (voxel type ratio).
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Limitations of the study include the potential confound 
of neuroleptic medication on our white matter measures 
and the potential confound of chronicity. However, as 
the measures we use rely heavily on the proportion of 
streamline inputs from multiple cortical source ROIs to 
the striatal surface voxels, the impact of systemically used 
medication on our measures is mitigated by the fact that 
all the white matter streamlines from the different cor-
tical source ROIs are similarly affected. Nevertheless, we 
believe that studies should be performed in prodromal 
and early psychosis schizophrenia patients to diminish 
the impact of the confounding effects of medication and 
chronicity of illness. An additional potential limitation 
in our study is that some data for subject demographic 
measures, as shown in table 1, are missing.

A further potential limitation is that our use of 0.7 as a 
threshold for the boundary between dominant and mixed 
voxels could be considered somewhat arbitrary and without 
a biological justification. We note, however, there is ample 
support in the literature for corticostriatal projection zone 
overlap (ie, what we would label as mixed voxels) in the 
striatum. The anatomic organization of corticostriatal 
connectivity has been extensively explored in monkey an-
imal tract tracing studies. For example, Yeterian and Van 
Hoesen52 found that reciprocally connected cortical re-
gions projected, in part, to the same region of the caudate 
nucleus. In a later study, Selemon and Goldman-Rakic53 
found considerable overlap which was interdigitated, but 
not exclusively, in the ventromedial striatum. They were 
not able to assess the dorsolateral striatum. In a more re-
cent study, Averbeck et al11 using animal tract tracing in 
monkeys found that certain projection zone subregions, 
particularly, the medial rostral caudate nucleus of the stri-
atum, received input from 5 separate prefrontal regions 
which they examined. We believe the above studies in mon-
keys clearly suggest that projection zone overlap is a char-
acteristic feature of corticostriatal connectivity, although 
they do not provide a specific threshold for what might be 
considered a mixed or dominant voxel.

Despite the lack of biological certainty about an op-
timal threshold, we emphasize when we used the alterna-
tive thresholds of 0.5 and 0.9, we obtained similar results 
(see above, and supplementary figure S2). In fact, we do 
not believe there is any absolute threshold that divides 
mixed- vs dominant-input voxels. That is, we do not be-
lieve there are only 2 surface voxel projection zone sub-
types; but, rather, that dividing striatal projection zones, 
based on cortical connectivity, into patterns of more in-
tegrative versus more dominant-input subtypes is a useful 
way to characterize brain wiring in this pathway.

In summary, using novel methods to assess 
frontostriatal structural connectivity, we show a less 
integrative pattern of  frontostriatal structural con-
nectivity in chronic schizophrenia, especially to LH 
limbic and associative striatum. Such aberrant brain 
wiring is consistent with a developmental model in 

schizophrenia, an idea we plan to investigate further 
by assessing these measures as potential biomarkers 
in larger samples in the early stage of  the illness in 
schizophrenia.

Supplementary Material

Supplementary data are available at Schizophrenia 
Bulletin online.
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