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Objective Striatal dopamine dysfunction caused by cortical abnormalities is a leading hypothesis of schizophrenia. Although prefron-
tal cortical pathology is negatively correlated with striatal dopamine synthesis, the relationship between structural frontostriatal connec-
tivity and striatal dopamine synthesis has not been proved in patients with schizophrenia with different treatment response. We there-
fore investigated the relationship between frontostriatal connectivity and striatal dopamine synthesis in treatment-responsive
schizophrenia (non-TRS) and compared them to treatment-resistant schizophrenia (TRS) and healthy controls (HC).

Methods Twenty-four patients with schizophrenia and twelve HC underwent [**F] DOPA PET scans to measure dopamine synthesis
capacity (the influx rate constant K<) and diffusion 3T MRI to measure structural connectivity (fractional anisotropy, FA). Connectivity
was assessed in 2 major frontostriatal tracts. Associations between K" and FA in each group were evaluated using Spearman’s rho cor-
relation coefficients.

Results Non-TRS showed a negative correlation (r=-0.629, p=0.028) between connectivity of dorsolateral prefrontal cortex-associative
striatum (DLPFC-AST) and dopamine synthesis capacity of associative striatum but this was not evident in TRS (r=-0.07, p=0.829) and
HC (r=-0.277, p=0.384).

Conclusion Our findings are consistent with the hypothesis of dysregulation of the striatal dopaminergic system being related to pre-
frontal cortex pathology localized to connectivity of DLPFC-AST in non-TRS, and also extend the hypothesis to suggest that different
mechanisms underlie the pathophysiology of non-TRS and TRS. Psychiatry Investig 2022;19(7):570-579
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INTRODUCTION ness of antipsychotic drugs was directly related to their affin-
ity for dopamine receptors.”* It has been an enduring theory

The dopamine hypothesis emerged from the discovery of of the neurobiology in schizophrenia since then.” Consistent
antipsychotic drugs' and findings that the clinical effective- with this, recent meta-analysis has shown a large elevation in
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striatal dopamine synthesis in schizophrenia compared with
matched healthy controls (HC).® However, epidemiological
data from the scientific literature report that approximately
20% to 35% of patients (termed treatment-resistant schizo-
phrenia, TRS) show partial or no response to first-line anti-
psychotics” and molecular imaging studies have also report-
ed that TRS shows lower striatal dopamine synthesis capacity
compared with treatment-responsive schizophrenia (non-
TRS).*" It has recently been suggested that there may be two
different subtypes of schizophrenia (hyperdopaminergic and
normodopaminergic) with differing neurobiological mecha-
nisms and that the dopamine hypothesis can be only applied
to hyperdopaminergic subtype.'""

It has been proposed that striatal dopamine dysregulation
is the final common pathway to psychosis'® and occurs sec-
ondary to prefrontal cortex (PFC) pathology.""” Supporting
this, imaging data have reported dorsolateral prefrontal cor-
tex (DLPFC) hypoactivity correlated with increased striatal
dopamine synthesis in patients with schizophrenia'® and el-
evated subcortical dopamine function might adversely affect
performance of the DLPFC in schizophrenia.'” Moreover, the
relationship between striatal dopaminergic dysfunction and
abnormal PFC activation during cognitive tasks has been
reported both in individuals at clinical high risk for psychosis
and in patients with schizophrenia.*® Furthermore, the most
specific elevation in dopamine function has been found in as-
sociative striatum (AST).2"? The AST receives afferent connec-
tions from the DLPFC* and the DLPFC-AST circuit is thought
to play a critical role in psychosis, cognitive symptoms, and
striatal dopaminergic dysregulation by PFC pathology.”**¢
However, multimodal imaging studies have suggested that
the hypothesis of frontostriatal dysfunction in schizophrenia
can be only applied to patients who respond to first-line anti-
psychotic medication.””*® Recent studies using positron emis-
sion tomography (PET), structural and functional MRI showed
that frontal functional connectivity to AST significantly cor-
related with dopamine synthesis capacity in the correspond-
ing region®® and there was also an inverse correlation between
grey matter (GM) volume in the DLPFC and dopamine syn-
thesis capacity in the AST and the whole striatum in non-TRS,
but no relationship in TRS.”” However, there is no study till
today that has investigated if frontostriatal structural connec-
tivity is associated with striatal dopamine capacity in TRS and
non-TRS.

Based on the previous studies regarding TRS and non-
TRS,* we firstly predicted reduced fractional anisotropy (FA)
between the DLPFC and AST, reflecting reduced frontostria-
tal connectivity in tracts connecting the PFC with the asso-
ciative subdivisions of the striatum in schizophrenia patients.
Secondly, we hypothesized that there would be an inverse
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correlation between DLPFC-AST connectivity and dopamine
synthesis capacity of AST in non-TRS, who are hypothesized
to have a dopaminergic disorder. In contrast, we predicted
that TRS would not show a relationship between striatal do-
pamine function and DLPFC-AST connectivity on the basis of
the hypothesis that they do not show a dopaminergic disorder.

To test the hypothesis, we measured FA between the DLP-
FC and AST by using diffusion tensor imaging and dopamine
synthesis capacity (indexed as the influx rate constant K
from ["*F] DOPA) and then investigated the relationship be-
tween dopamine synthesis in AST and the structural connec-
tivity. Moreover, as corticostriatal tracts were parcellated in
parallel and well-segregated pathways based on the striatal
subdivisions and the predominant topography of brain pro-
jections,” we also performed exploratory analyses of tracts to
test the specificity of our findings, examining the correlation
between dopamine synthesis capacity in the limbic striatum
(LST) and connectivity of the corresponding cortical regions
(ventromedial prefrontal cortex-limbic striatum, VMPFC-
LST) (Figure 1).

METHODS

Study procedures were approved by the Institutional Re-
view Board of Seoul National University Hospital, Seoul, Ko-
rea (no. H-1209-098-428), and was carried out in accordance
with the Helsinki Declaration of 1975, as revised in 2008.

Participants

After a full explanation of the study, all subject provided
written informed consent to participate. Patients who met the
following inclusion criteria were invited to participate in the
study: 1) patients had to meet Diagnostic and Statistical Man-
ual of Mental Disorders, Fourth Edition (DSM-1V) criteria for
schizophrenia; 2) patients were required to have a total score
of <80 in the Positive and Negative Syndrome Scale (PANSS)
and no items with a score >4 on the positive subscale of the
PANSS; 3) patients had to have maintained on their treatment
regimen without change for at least 12 weeks prior to the study;
4) patients in non-TRS group had to have received first-line
antipsychotic drugs to have no history of being refractory to
first-line antipsychotic drugs or being given clozapine; 5) pa-
tients in TRS group had to have received clozapine with a his-
tory of non-response to at least two different first-line antipsy-
chotics™; and 6) twelve healthy subjects (HC group) matched
on age and sex were enrolled after the assessment of previous
or current history of psychiatric illness by using the Structured
Clinical Interview for DSM-IV Axis I Disorders, Non-Patient
edition.” We also excluded participants with history of drug
abuse or dependence. Clinical measures were assessed using

www.psychiatryinvestigation.org 971



Relationship Between Frontostriatal Connectivity and Striatal Dopamine Function in Schizophrenia

Prefrontal Cortex

Striatum

VMPFC-LST tract

DLPFC-AST tract

Figure 1. Frontostriatal tracts for one hemisphere and three-dimen-
sional renderings of cortical regions of interest. Panel A shows a
diagram of frontostriatal connections for one hemisphere. Panel
B shows three dimensional renderings of frontocortical and stria-
tal regions of interests (VMPFC in blue, DLPFC in purple, LST in
green, AST in yellow, VMPFC-LST tract in orange, DLPFC-AST tract
in red). VMPFC, ventromedial prefrontal cortex; DLPFC, dorsolat-
eral prefrontal cortex; LST, limbic striatum; AST, associative stria-
tum; VMPFC-LST, ventromedial prefrontal cortex-limbic striatum;
DLPFC-AST, dorsolateral prefrontal cortex-associative striatum.

the PANSS and the total antipsychotic dose was calculated us-
ing the chlorpromazine equivalent method.”>”

PET scanning

Image acquisition

All participants were asked to fast and abstain from smok-
ing and drinking from midnight on the day of the scan and
received 400 mg of entacapone, a peripheral catechol-o-meth-
yl-transferase inhibitor, and 150 mg of carbidopa to prevent
formation of radiolabeled metabolites that may cross the blood-
brain barrier.* Imaging data were obtained on a Biograph 40
Truepoint PET/CT scanner (Siemens, Knoxville, TN, USA)
and after acquiring a computed tomography scan for attenu-
ation correction, ['*F] DOPA was administered by bolus in-
travenous injection of 370 MBq or less (10 mCi) of ['*F] DOPA
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with minimum specific activity of 1.30x10” Ci/mol. Head po-
sition was marked and monitored, and movement was mini-
mized using a head strap. After routine corrections for uni-
formity, decay corrections, and attenuation (using the CT), the
PET imaging data acquired in a list mode were reconstructed
with a filtered back projection using a Gaussian filter. PET
data were acquired for 95 min in a three-dimensional mode
with 148 axial slices, an image size of 256X256, a pixel size of
1.3364%1.3364 mm?, and a slice thickness of 3 mm. The dy-
namic volumetric images were sequenced using the follow-
ing framing: 2X30, 4X60, 3%120, 3x180, and 15%300s.

Kinetic analysis

PET image analysis was performed as previously described.*
Interframe correction for head movement during the scan
was conducted by denoising the nonattenuation-corrected
dynamic images using a level 2, order 64 Battle-Lemarie wave-
let filter. Frames were hence realigned to a single ‘reference’
frame, acquired 8 min after injection, employing a mutual in-
formation algorithm.* The transformation parameters were
then applied to the corresponding attenuated-corrected dy-
namic images. The realigned frames were then summated,
creating a movement-corrected dynamic image, which was
used in the analysis. Subsequently, the realigned images were
spatially normalized by registering their summed image to
the ['"*F] DOPA template created in a previous study.”® Region
of interest (ROI) time—activity curves (TACs) were hence ex-
tracted using atlas maps for the whole striatum, and its asso-
ciative and limbic.”” The cerebellum was used as the reference
region as it is a region with minimal dopaminergic projections.”
Finally, using the cerebellar TAC as a reference region input,
the Gjedde—Patlak plot™ was applied at ROI to derive the K
relative to the cerebellum. The analysis was performed using a
combination of SPM5 package (http://www.filion.uclac.uk/
spm) and in-house code based on Matlab2012b (The Math-
works, Natick, MA, USA).

MRI scanning

Image acquisition

MRI data sets were acquired using a 3-T MRI scanner (Sie-
mens Magnetom Trio, Erlangen, Germany) within 1 h after
the PET scans. We obtained a high resolution T1-weighted
structural MRI (TR=1,670 ms; TE=1.89 ms; 1-mm slice thick-
ness, field of view=250 mm, FA=9°, matrix=256%256, 208
slices, voxel size=0.98%0.98x1.00 mm?). Diffusion weighted
images were acquired using echo-planar imaging (TR=11,400
ms, TE=88 ms, matrix=128%128, field of view=240 mm, and a
voxel size of 1.88x1.88%3.50 mm’). Diffusion-sensitizing gra-
dient echo encoding was applied in 64 directions using a dif-
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fusion-weighting factor b of 1,000 s/mm?’. One volume was ac-
quired with b factor of 0 s/mm?’ (without gradient).

Diffusion tensor imaging analyses

Preprocessing

Diffusion weighted data were converted from Digital Imag-
ing & Communications in Medicine to analyze images. All
data processing was performed using programs in the FMRIB
Software Library (FSL) version 5.0.1 (http://www.fmrib.ox.
ac.uk/fsl). Source data were corrected for eddy currents and
head motion by registering all data to the first b=0 image,
with affine transformation. In order to remove non-brain vox-
els, the Brain Extraction Tool (BET) was used to create a bi-
nary mask from the non-diffusion weighted data. A brain
mask was created for the b0 image and applied to all diffu-
sion-weighted images. Diffusion tensor and FA were then cal-
culated by applying a single tensor model using the DTIFIT
tool in FSL. In preparation for tractography, the data was also
run through the program BEDPOSTX to build probability
distributions on diffusion parameters and model for crossing
fibres at each voxel.*” FA ranges from 0 to 1, where 0 indicates
regions with isotropic diffusion and 1 indicates perfect linear
diffusion that is expected along the white matter (WM) fibers.
Diffusion tensor imaging analyses must be performed in na-
tive space as diffusion gradients are specified in this space.

Regions of interest

The T1 data were processed using FreeSurfer (http://surfer.
nmr.mgh.harvard.edu/)," an automated parcellation software
program.*” Targeted cortical regions were extracted from the
surface-based procedure in FreeSurfer, based on cortical par-
cellation. The VMPFC is composed of two regions defined by
FreeSurfer, the medial orbitofrontal cortex and lateral orbito-
frontal cortex.*”** We also used the rostral middle frontal gy-
rus as the GM ROI that most likely represents the DLP-
FC.26*% Striatal ROI were hence extracted using atlas maps
for the associative and limbic as previously described (Figure
1).” Because all striatal subregions were defined in the Mon-
treal Neurological Institute space, they were transformed into
each individuals native space using the talairach.m3z trans-
formation.”

Probabilistic tractography

Probabilistic tractography from the seed region (associa-
tive and limbic) to the target cortical regions (VMPFC and
DLPFC) was performed using FSLs ProbtrackX program with
default options, both separately for each hemisphere and to-
gether for each subregion. These masks were transformed
from each subject’s T1 image to his/her diffusion image space
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by applying the rigid body transformation matrix, which was
calculated by use of FSLs FLIRT program. To check the quali-
ty of the transformation, we visually inspected each mask in
the diffusion space for each subject and confirmed that there
were no gross transformation errors. Probabilistic tractogra-
phy was performed in the diffusion space and final tractog-
raphy results for each individual were visually inspected and
thresholded at 10 % to remove voxels that showed extremely
low connectivity. The resulting tracts were transformed back
into the FA maps and then the mean FA value of each tract
was calculated.

Statistical analysis

After confirming the data were normally distributed by us-
ing the Kolmogorov—Smirnov test, we used independent t tests
and analysis of variance (ANOVA) to compare demographic
variables between groups. Pearson’s X* test was used to test
differences in the sex ratio between groups. In order to inves-
tigate connectivity differences between groups, a mixed-model
ANOVA was used, with group as the between-subjects factor
and hemisphere (left, right) and tract as the within-subject
factors and then post hoc analysis using Bonferroni test was
used. Associations between dopamine synthesis capacity
(Kir) and frontostriatal connectivity (FA) in each group were
evaluated using Spearman’s rho correlation coefficients with
two-tailed p values. To investigate both primary relationship
of DLPFC-AST and exploratory relationship of the other re-
gion (VMPFC-LST) with striatal dopamine synthesis, we test-
ed correlations between K" of each striatal subregion and FA
of the corresponding striatal subregion-brain cortex (e.g., K<
of left AST vs. FA of left AST-DLPFC, K of right AST vs. FA
of right AST-DLPFC, K of left LST vs. FA of left LST-VMP-
FC, K" of right LST vs. FA of right LST-VMPEC).

RESULTS

Demographic and clinical data

Demographic and K values are provided in Table 1. The
PET data have been reported previously'® and we found that
TRS show lower dopamine synthesis capacity than patients
who have responded to non-TRS in line with the hypothesis
that the dopaminergic function is linked to treatment re-
sponse. Groups did not differ in age (F=0.05, df=2.33, p=0.951),
or sex distribution (X’>=0.262, df=2, p=0.877). Clinical features
also showed no significant difference between the non-TRS
group and the TRS group in PANSS total score (t=-0.170, df=
22, p=0.867), the mean chlorpromazine equivalent doses (t=
-0.430, df=22, p=0.671), the duration of illness (t=0.869, df=
22, p=0.394), and duration of exposure to current antipsy-
chotics (t=0.556, df=22, p=0.584).
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Figure 2. Bar graph of fractional anisotropy in the frontostriatal tracts
for each group. Asterisks represent significant group differences (p<
0.05, p-value adjusted after Bonferroni correction). NS, not signifi-
cant; TRS, treatment-resistant schizophrenia; non-TRS, treatment-
responsive schizophrenia; Rt. DLPFC-AST, right dorsolateral pre-
frontal cortex-associative striatum; Rt. VMPFC-LST, right ventromedial
prefrontal cortex-limbic striatum.
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Figure 3. Scatter plot of the correlation between FA of the Lt. DLP-
FC-AST and in Lt. AST in first-line AP group (r=-0.629, p=0.028).
FA, fractional anisotropy; Lt. DLPFC-AST, left dorsolateral prefron-
tal cortex-associative striatum;TRS, treatment-resistant schizo-
phrenia; non-TRS, treatment-responsive schizophrenia; Lt. AST,
left associative striatum.

Neuroimage data

We found K" values were significantly different according
to the group (F=5.396, df=2, p=0.009) (Table 1). In pairwise
comparison, TRS showed significantly lower K" value than
HC (AST, mean difference=-0.00176, standard error [S.E.]=
0.00054, df=95.0, p=0.008; LST, mean difference=-0.00136,
S.E.=0.00042, df=95.0, p=0.008). However, the K" value in
non-TRS was not significantly different from that HC (AST,
mean difference=-0.00073, S.E.=0.00054, df=95.0, p=0.545;
LST, mean difference=-0.00040, S.E.=0.00042, df=95.0, p=1)."

Mixed model ANOVA showed a main effect for group for
FA (F=3.470, df=2, p=0.043) in the four tracts of the frontos-
triatal connectivity. Post hoc analysis using Bonferroni test
showed reduced FA in the right DLPFC-AST (mean differ-
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ence=0.018, SE=0.007, p=0.046) and right VMPFC-LST (mean
difference=0.023, SE=0.009, p=0.041) in non-TRS group but
there were no significant FA reductions in any tracts in TRS
group compared to HC (Figure 2).

Dopamine synthesis capacity of left AST had a significant
inverse correlation with FA in left DLPFC-AST tracts in non-
TRS group (rho=-0.629, p=0.028) (Figure 3) but this was not
evident in TRS (e.g., tho=-0.07, p=0.829). There was also no
correlation in FA of VMPFC-LST with dopamine synthesis
capacity in non-TRS group and TRS group. Moreover, we did
not find any association between dopamine synthesis capaci-
ty and frontostriatal connectivity in HC (Table 2).

DISCUSSION

To our knowledge, this is the first study to provide direct ev-
idence that dopamine synthesis capacity in non-TRS is asso-
ciated with frontostriatal connectivity. Our results showed
that compared to HC, non-TRS have lower FA in both right
DLPFC-AST and right VMPFC-LST, while TRS did not sig-
nificantly differ in any frontostriatal connectivity. Also, our
main finding revealed an inverse correlation between left
DLPFC-AST connectivity and dopamine synthesis capacity
in the left AST in patients with schizophrenia who respond
to treatment, but no relationship in patients who do not re-
spond to first-line treatment.

These results support further the theory that the neurobi-
ology underlying TRS is different from that seen in non-TRS
and the hypothesis of dysregulation of the striatal dopami-
nergic system being secondary to PFC dysfunction in schizo-
phrenia,'"*"” but critically also extend the hypothesis to indi-
cate it can be only applied to non-TRS. Recent evidence from
same participants of this study showed that there is an inverse
correlation between GM volume in the DLPFC and dopamine
synthesis capacity of AST in non-TRS, but no relationship in
TRS¥ and our subsequent finding in the present study dem-
onstrated direct evidence that DLPFC-AST connectivity is in-
versely associated with dopamine synthesis in AST.

While the association does not necessarily imply causal-
ity, overall there is a body of evidence suggesting that striatal
dopaminergic system can be regulated by PFC function. Pre-
clinical studies reported PFC lesions in rats increase striatal
dopamine levels** and stress or drug challenges in the PFC
evoke increased release of subcortical dopamine.”** Human
studies have found lower N-acetyl aspartate measures in DLP-
FC predict greater decrease in raclopride binding, caused by
increased amphetamine-induced release of dopamine in pa-
tients® and decreased PFC activation also predicts exagger-
ated striatal fluorodopa uptake in patients."® Moreover, there
is a progressive reduction in the integrity of the frontal WM
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Table 2. Correlation between striatal dopamine synthesis (K<) and frontostriatal connectivity (FA)

Left AST

Right AST Left LST Right LST

FA
r P

r P r P r p

Healthy controls

Left DLPFC-AST -0.277 0.384

Right DLPFC-AST

Left VMPFC-LST

Right VMPFC-LST
Treatment-responsive schizophrenia

Left DLPFC-AST

Right DLPFC-AST

Left VMPFC-LST

Right VMPFC-LST
Treatment-resistant schizophrenia

Left DLPFC-AST -0.07 0.829

Right DLPFC-AST

Left VMPFC-LST

Right VMPFC-LST

-0.629*  0.028

-0.19 0.553
0.077 0.812
0.231 0.471

-0.21 0.513
0.112 0.729
0.329 0.297

-0.182 0.572
-0.049 0.88
0.427 0.167

*correlation is significant at the 0.05 level (2-tailed). FA, fractional anisotropy; Ki*, influx constant; DLPFC-AST, dorsolateral prefrontal cor-
tex-associative striatum; VMPFC-LST, ventromedial prefrontal cortex-limbic striatum; AST, associative striatum; LST, limbic striatum; r, cor-

relation coefficient; p, significant level

before the onset of schizophrenia.”*** However, it should be
recognized that some preclinical models also indicate that in-
creases in striatal dopaminergic neurotransmission can lead
to reduced frontal cortical function and striatal dopaminergic
dysfunction can be also reciprocally linked to a cortical dopa-
minergic dysfunction.**® Longitudinal studies are therefore
needed to determine which is primary.

Corticostriatal dysfunction has long been implicated in the
pathophysiology of schizophrenia, although the differential
roles played by dorsal and ventral circuit in mediating disease
risk have been unclear. Recent studies reported that structur-
al connectivity of the DLPFC-AST is reduced in schizophre-
nia,” and frontostriatal limbic loop was decreased in first-epi-
sode, treatment-naive schizophrenia.” We also found patients
with non-TRS was significantly lower frontostriatal connec-
tivity compared to HC and generally tend to have lower con-
nectivity relative to TRS. To the best of our knowledge, no stud-
ies have so far examined WM microstructures specific to this
pathway in patients with TRS compared to non-TRS. Inter-
estingly, convergent with our findings, White et al.,** using
functional MRI, showed reduced functional connectivity
compared with HC between dorsal caudate and PFC was
specific to non-TRS which also displayed decreased connec-
tivity between dorsal caudate and medial PFC when com-
pared with TRS. Our findings, however, contrasts with a re-
cent cross-sectional study that reported there are no differences
in structural connectivity between ventral tegmental area
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(VTA), striata and DLPEC or between VTA, striata and VMP-
FC between non-TRS and TRS prior to starting clozapine, al-
though exactly not overlapped with our study in seed-to-tar-
get regions.® Furthermore, findings by Reis Marques et al.
demonstrated that non-TRS had significantly higher FA than
TRS across multiple regions including the uncinate, stria ter-
minalis and superior frontal-occipital tract, commissural fi-
bres, and several projections fibres, such as the internal and
external capsule and corona radiata at baseline and at 12-week
follow up after starting antipsychotics. We therefore need
longitudinal study to further test if the difference of frontos-
triatal connectivity between TRS and non-TRS relative to HC
in this study showed the different pathophysiology of two
groups or was influenced by potential confounding factors
including antipsychotic exposure.

Limitations of our study include the potential confound of
antipsychotics treatment, including that of cumulative medi-
cation exposure, on our measurements of frontostriatal tracts,
as WM integrity was affected in widespread brain after treat-
ment with clozapine in recent study.* This study is also limited
by its cross-sectional nature and longitudinal studies are need-
ed to enable the assessment of the trajectory of WM connec-
tivity changes over the course of the illness.

In conclusion, there is an inverse correlation between fron-
tostriatal structural connectivity and striatal dopamine syn-
thesis capacity in patients with schizophrenia who respond to
first-line antipsychotic treatment, but no relationship in pa-



tients with TRS, who also show less disrupted WM connectiv-
ity compared to non-TRS. This suggests that different mech-
anisms underlie the pathophysiology of non-TRS and TRS.
We also found frontostriatal structural connectivity is reduced
more widely in non-TRS than in TRS compared to HC. Lon-
gitudinal studies are needed to determine the neurobiology
related to WM connectivity for these two potentially different
forms of schizophrenia.
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