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Abstract
Background: Cortical thickness (CT) and gyrification are complementary indices that assess different aspects of gray matter
structural integrity. Both neurodevelopment insults and acute tissue response to antipsychotic medication could underlie the
known heterogeneity of treatment response and are well-suited for interrogation into the relationship between gray matter
morphometry and clinical outcomes in schizophrenia (SZ).

Methods: Using a prospective design, we enrolled 34 unmedicated patients with SZ and 23 healthy controls. Patients were
scanned at baseline and after a 6-week trial with risperidone. CT and local gyrification index (LGI) values were quantified from
structural MRI scans using FreeSurfer 5.3.

Results: We found reduced CT and LGI in patients compared to controls. Vertex-wise analyses demonstrated that hypo-
gyrification was most prominent in the inferior frontal cortex, temporal cortex, insula, pre/postcentral gyri, temporoparietal
junction, and the supramarginal gyrus. Baseline CT was predictive of subsequent response to antipsychotic treatment, and
increase in CT after 6 weeks was correlated with greater symptom reductions.

Conclusions: In summary, we report evidence of reduced CT and LGI in unmedicated patients compared to controls,
suggesting involvement of different aspects of gray matter morphometry in the pathophysiology of SZ. Importantly, we found
that lower CT at baseline and greater increase of CT following 6 weeks of treatment with risperidone were associated with
better clinical response. Our results suggest that cortical thinning may normalize as a result of a good response to anti-
psychotic medication, possibly by alleviating potential neurotoxic processes underlying gray matter deterioration.

Abrégé
Contexte : L’épaisseur corticale (EC) et la gyrification sont des indices complémentaires qui évaluent différents aspects de
l’intégrité structurelle de la matière grise. Les traumatismes neurodéveloppementaux ainsi que la réponse tissulaire aiguë à la
médication antipsychotique peuvent sous-tendre l’hétérogénéité connue de la réponse au traitement, et conviennent bien
pour l’interrogation sur la relation entre la morphométrie de la matière grise et les résultats cliniques de la schizophrénie.

Méthodes : À l’aide d’une méthode prospective, nous avons inscrit 34 patients non médicamentés souffrant de schizophrénie
et 23 témoins en santé. Les patients ont subi un examen d’imagerie au départ et après un essai de rispéridone de 6 semaines.
Les valeurs de l’épaisseur corticale (EC) et de l’indice de gyrification locale (IGL) ont été quantifiées d’après les examens par
IRM structurels avec FreeSurfer.
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Résultats : Nous avons constaté des EC et des IGL réduits chez les patients comparativement aux témoins. Des analyses au
sommet ont démontré que l’hypo-gyrification était surtout visible dans le cortex frontal inférieur, le cortex temporal, l’insula,
les gyri pré/post centraux, l’articulation temporo-pariétale et le gyrus supramarginal. L’EC de départ prédisait la réponse
subséquente au traitement antipsychotique, et l’augmentation de l’EC après six semaines était corrélée à une plus grande
réduction des symptômes.

Conclusions : En résumé, nous faisons état des preuves de la réduction de l’EC et de l’IGL chez les patients non
médicamentés comparés aux témoins, ce qui suggère la participation de différents aspects de la morphométrie de la matière
grise à la pathophysiologie de la schizophrénie. Surtout, nous avons constaté qu’une EC plus mince au départ, et qu’une plus
grande augmentation de l’EC après six semaines de traitement à la rispéridone étaient associées à une meilleure réponse
clinique. Nos résultats suggèrent que l’amincissement cortical peut être normalisé à titre de résultat d’une bonne réponse aux
antipsychotiques, possiblement en atténuant les processus neurotoxiques potentiels qui sous-tendent la détérioration de la
matière grise.
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Introduction

Schizophrenia (SZ) is a neurodevelopmental disorder1,2,3

characterized by widespread structural brain abnormalities.4

The literature supports the theory that antipsychotic drugs

(APD) affect gray matter morphometry in patients. Long-

itudinal and meta-analytic studies found associations

between APD exposure and both increased5,6,7 and

decreased8-13 gray matter volumes, and a possible link

between (cumulative) APD dose and gray matter reduc-

tions.8,9 APD effects may be apparent soon after treatment

is started, as suggested by a longitudinal study reporting

increased gray matter volume in APD-naive patients after

8 weeks of treatment.5

While volume measures have been most widely used

to assess gray matter morphometry, cortical thickness

(CT) and gyrification are complementary indices that

characterize different aspects of gray matter structural

integrity. For example, one study found only a partial

spatial overlap when comparing regions of altered gray

matter volume versus altered CT in chronic SZ compared

to controls.14 The authors suggested that different

abnormalities in the measures could relate to different

pathological mechanisms of SZ. A recent study compar-

ing 145 APD-naive first-episode psychosis (FEP) patients

and 147 controls found that CT decrease as an effect of

age was more pronounced in patients,15 while another

showed CT reductions were greater in treatment resistant

patients with SZ than nonresistant SZ.16 As a measure,

gyrification index is of particular interest due to its poten-

tial as a marker of abnormal neurodevelopment.17,18

Altered gyrification patterns have been reported across

different illness stages19-22 and among first-degree rela-

tives.23 The clinical relevance of this marker is further

underscored by reports that the local gyrification index

(LGI)24 showed high discriminatory ability in correctly

identifying patients with a high illness burden25 and that

patients with poor response to APD treatment had lower

LGI compared to those who respond favorably.26

Studies measuring several gray matter morphometric fea-

tures in the same SZ sample have been sparse. Perhaps the

largest project to date, a single-subject meta-analysis con-

ducted by the ENIGMA SZ work group, reported wide-

spread cortical thinning and reduced cortical surface area

in patients compared to controls. The effect size for cortical

thinning was roughly twice the effect size of the surface area

results,27 suggesting CT abnormalities are more prominent

than surface area alterations. Palaniyappan and Liddle28

found that gray matter volume differences between SZ and

healthy controls (HC) were partially mediated by LGI, CT,

and surface area. Within the illness, regions of abnormal

gyrification and CT only partially overlap,29 implying a

regionally inhomogeneous relationship between cortical

folding and gray matter thickness across the brain. Combin-

ing these complementary gray matter morphometric mea-

sures may yield additional clinically relevant insights.

Because both neurodevelopmental insults and acute tissue

response to APD exposure could impact the known hetero-

geneity of treatment response, LGI and CT are measures

well-suited in evaluating the relationship between gray mat-

ter morphometry and clinical outcomes in SZ. Presently,

there are no studies that have evaluated LGI and CT in

medication-naive subjects, and little is known about the

longitudinal effects of APD treatment on these measures.

In this study, we used a prospective design where unmedi-

cated SZ and medication-naive FEP patients were scanned

prior to APD treatment and after 6 weeks of treatment with

risperidone. To control for the effect of time, we scanned a

matched group of HC twice, approximately 6 weeks apart.

The aims of this study were 3-fold: (1) to evaluate CT and

LGI in SZ free from the confound of current APD treatment

and in those with the prior exposure to any antipsychotic

medication, (2) to investigate the effects of antipsychotic

treatment on CT, and (3) to evaluate structural predictors

of treatment response as well as structural changes over time

associated with treatment response. We hypothesized that

unmedicated SZ would show reduced baseline CT and LGI
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compared to HC and that CT would be affected by APD

treatment. We also hypothesized that baseline CT and LGI

would predict response to antipsychotic treatment and that

greater change in CT would be correlated with greater

change in clinical symptom severity.

Methods

Subjects

Thirty-seven unmedicated SZ (22 medication naive, 12 had

prior APD exposure) were recruited from the emergency

room, inpatient units, and outpatient clinics at the University

of Alabama at Birmingham (UAB). Twenty-three HC

matched on age, gender, smoking, and parental socioeco-

nomic status (SES) were recruited by advertisements.

Approval for this study was given by the UAB Institutional

Review Board, and written informed consent was obtained

prior to enrolment and after subjects were deemed to have

capacity to provide consent.30

Diagnoses were established by review of medical records,

the Diagnostic Interview for Genetic Studies,31 and consen-

sus of 2 board-certified psychiatrists (ACL and NVK). The

Brief Psychiatric Rating Scale (BPRS) was used to assess

symptom severity.32

Exclusion criteria for enrollment included major neuro-

logical or medical conditions, a history of head trauma with

loss of consciousness, substance use disorders (confirmed

via urine drug screening) within 6 months of imaging, preg-

nancy or breastfeeding, or MRI contraindications. HC with a

family history of a psychiatric illness in a first-degree rela-

tive were also excluded.

SZ were enrolled in a 6-week risperidone trial using a flex-

ible dosing regimen managed by ACL and NVK. Risperidone

started at 1 to 3 milligrams and titrated in 1 to 2 milligram

increments; pill counts were done to monitor compliance. Use

of concomitant psychotropic medications was permitted as

clinically indicated. Structural scans were obtained prior to

treatment (off medication) and after 6 weeks of treatment. HC

were also scanned twice, with an average interval of*8 weeks.

MRI Acquisition

A head-only 3T MRI with a circularly polarized transmit/

receive head coil was used for all imaging (Magnetom Alle-

gra, Siemens Medical Solutions). Three-dimensional T1-

weighted magnetization prepared rapid acquisition gradient

echo sequence was used for structural acquisition (TR/TE ¼
2,300/3.93 ms, flip angle ¼ 12�, 256 � 256 matrix, 1 mm

isotropic voxels).

Structural Pre-processing

The cortical surface of each structural image was recon-

structed using FreeSurfer 5.3.33 This pipeline also produces

brain-wide CT values by measuring the distance between

each cortical surface vertex and its closest corresponding

gray/white boundary vertex. We used FreeSurfer’s QA Tools

(https://surfer.nmr.mgh.harvard.edu00/fswiki/QATools) to

inspect the quality of each reconstructed data set as

explained in.34 Any subject’s data flagged as unsatisfactory

during the quality assurance process were either manually

corrected and reprocessed or excluded from final analysis

due to irreparable artifacts. Three SZ were flagged during

quality assurance and removed from analysis due to irrepar-

able imaging artifacts resulting in 34 SZ (12 unmedicated

and 22 medication naive) and 23 HC retained for final anal-

ysis. The remaining subject images were reprocessed using

the FreeSurfer longitudinal stream.35 CT and LGI (24) val-

ues were then computed across the reconstructed cortical

surface of each longitudinally processed structural image.

Demographic, Regression, and Correlational Analysis

Group differences for age, gender, smoking status, parental

SES, signal to noise ratio (SNR), and estimated total intra-

cranial volume (eTIV)36 were assessed in SPSS via indepen-

dent samples t tests or chi-square tests where appropriate.

Asymmetrical lateralization of functional, structural, and

connectivity measures is well-documented in SZ.37,38,39

Therefore, to investigate global changes in CT and LGI,

we calculated average CT and LGI per hemisphere per sub-

ject. These values were used as dependent variables in four

(1 per hemisphere per measure) 2 (baseline vs. Week 6) � 2

(HC vs. SZ) mixed analysis of covariance (ANCOVA) mod-

els. Age and eTIV were included as covariates of no interest.

To investigate any direct relationship between CT and

LGI, we ran partial correlation tests including averages for

each measure across each hemisphere at baseline and at

Week 6. We then used a Fisher r-to-z transformation to

determine whether there were significant differences

between baseline and Week 6 correlations.

Vertex-wise Analyses

Separate surface-based linear regression models were per-

formed with “Query, Design, Estimate, Contrast” (QDEC) in

FreeSurfer to investigate the effect of group on baseline CT

and LGI at each surface vertex. Additional longitudinal two-

stage linear regression models were used to calculate percent

change in CT and LGI from baseline to Week 6. Similar

models were used to investigate the correlation of treatment

response (based on % change in BPRS positive score from

(A) baseline to week 6 (B): B�A
A

� �
��100

� �
with CT and

LGI, first at baseline and then with % change over time. All

QDEC models included covariates of no interest for age and

eTIV. Monte Carlo null-z simulations (P < 0.05) were used

to correct for multiple comparisons.

Results

No significant group differences were observed for sex, age,

parental SES, packs per day, eTIV, or SNR (all P > 0.05).
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BPRS scores significantly decreased after 6 weeks of treat-

ment with risperidone (Table 1). Results from a repeated

demographic analysis with medication-naive SZ (n ¼ 22),

and HC did not differ from the original analysis and can be

found in the Supplemental Section (Table S1).

Group Differences in Global CT and LGI

Results from mixed ANCOVAs (Table 2) showed that left

hemispherical CT was significant for the main effect of

group (F1, 51 ¼ 4.918, P ¼ 0.031), while the right hemi-

sphere was at trend level (F1, 51 ¼ 3.879 P ¼ 0.054). HC

consistently showed greater CT than SZ. For LGI, the

main effect of group was significant for each hemisphere

(left: F1, 51 ¼ 15.542 P < 0.001; right: F1, 51 ¼ 15.619

P < 0.001; Table 2). LGI was consistently greater for HC

than SZ. Results from repeat analysis with medication-

naive SZ and HC showed no difference from the original

results and can be found in the Supplemental Section

(Table S2).

A whole brain vertex-wise group contrast of baseline CT

showed no significant clusters. HC showed greater baseline

LGI compared to SZ bilaterally throughout the frontotem-

poral areas, including the insula, and pre/postcentral gyri, as

well as the left temporoparietal junction and right supramar-

ginal gyrus (P < 0.05; Figure 1). Repeat analysis with

medication-naive SZ showed HC had greater baseline LGI

in the right pre/postcentral gyri (P < 0.05). These results

along with a complete list of all atlas based vertex-wise

results can be found in the Supplemental Section (Figure

S1; Table S3).

Global Correlations between CT and LGI

Neither HC nor SZ showed significant correlations between

CT and LGI at either baseline or Week 6. Neither group

showed a significant difference between correlation values

across time points either.

Effects of Treatment Response on Global CT and LGI

Whole brain vertex-wise correlation of treatment response

with baseline CT showed significantly negative correlations

bilaterally in the prefrontal cortex and postcentral gyrus, left

precentral gyrus, and right cingulate and insula (P < 0.05;

Figure 2A), suggesting lower CT in these regions predicted

better treatment response. Treatment response was positively

correlated with % change in CT over time in the precentral

gyrus bilaterally, left superior frontal sulcus and inferior

parietal lobule, and right postcentral gyrus and cuneus (P <

0.05; Figure 2B), suggesting that increased CT from baseline

to Week 6 in those regions were associated with treatment

response. To better visualize these findings, we extracted

individual averages of baseline CT and % change in CT from

a hand-traced precentral region of interest (ROI) defined

during our analysis of treatment response and % change in

CT (Figure 2C and 2D). Plots clearly show that both lower

levels of baseline CT and increases in CT after treatment

response are predictive of better treatment response at 6

weeks. Analyses of the relationship between treatment

response and baseline CT, as well as treatment response and

% change in CT, were repeated with medication-naive SZ.

Results were similar to the original analyses but were more

Table 1. Demographics, Clinical Measures, and Covariates.a

SZ (n ¼ 34) HC (n ¼ 23) t/w2 P Value

Gender (%male) 73.5 82.6 0.642 0.423
Age 28.32 (9.42) 27.48 (9.63) �0.330 0.743
Socioeconomic statusb 5.88 (5.06)c 4.65 (3.97) 12.849 0.303
Smoking (packs per day) 0.37 (0.49) 0.18 (0.41) �1.564 0.124
Illness duration (years)d 15.00 (8.45; n ¼ 12)
Illness onset (years)d 22.08 (3.12)
APD naive (yes/no) 22/12
eTIVe 1,593.70 (182.36) 1,658.79 (230.71) 1.187 0.240
SNR 19.93 (1.98) 20.50 (2.07) 1.069 0.290
BPRSf Baseline Week 6

Total 50.91 (9.65) 32.50 (10.45) 7.545 <0.001
Positive 10.44 (3.47) 5.18 (2.41) 7.277 <0.001
Negative 7.44 (3.16) 5.85 (2.74) 2.215 0.030

Note. APD ¼ antipsychotic drugs; BPRS ¼ Brief Psychiatric Rating Scale; eTIV ¼ estimated total intracranial volume; HC ¼ healthy controls; SNR ¼ signal to
noise ratio; SZ ¼ patients with schizophrenia.
aMean (standard deviation) unless indicated otherwise.
bParental socioeconomic ranks determined from Diagnostic Interview for Genetic Studies (1 to 18 scale); higher rank (lower numerical value) corresponds to
higher socioeconomic status.

cData not available for 2 SZ subjects; n ¼ 32.
dIncludes only patients who are not antipsychotic naive (n ¼ 12), illness duration since first diagnosis.
eEstimated total intracranial volume (eTIV) in cm2.
fBPRS (1 to 7 scale); positive (conceptual disorganization, hallucinatory behavior, and unusual thought content); negative (emotional withdrawal, motor
retardation, and blunted affect).
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widespread (P < 0.05). These results can be found in the

Supplemental Section (Figure S2).

There were no significant correlations between baseline

LGI and treatment response. Treatment response was nega-

tively correlated with % change in LGI in the inferior

parietal cortex bilaterally, the left middle frontal cortex, and

precentral gyrus, and the right inferior frontal cortex, and

cuneus (P < 0.05; Figure 3A). This indicates that, while

baseline levels of LGI were not related to treatment

response, reduction in LGI from baseline to posttreatment

Figure 1. Group contrasts of baseline LGI. HC showed greater baseline LGI compared to SZ throughout frontotemporal areas, bilateral
pre/post central gyri, left tempoparietal junction, and right supramarginal gyrus (P < 0.05). Models were corrected for age and eTIV. Multiple
comparisons corrected with Monte Carlo null-z simulations (P < 0.05). eTIV ¼ estimated total intracranial volume; HC ¼ healthy controls;
LGI ¼ local gyrification index; SZ ¼ patients with schizophrenia; L ¼ left; R ¼ right.

Table 2. Mixed MANCOVA Results for CT and LGI Averages per Hemisphere.a

SZ (n ¼ 34) HC (n ¼ 23)

Left RightBaseline Week 6 Baseline Week 6

M (SD) M (SD) M (SD) M (SD) F P F P

CT
Left hemisphere 2.435 (0.120) 2.469 (0.113) 2.514 (0.119) 2.519 (0.108) — — — —
Right hemisphere 2.432 (0.120) 2.466 (0.120) 2.507 (0.119) 2.507 (0.112) — — — —
Group — — — — 4.918 0.031 3.879 0.054
Time — — — — 0.079 0.780 0.020 0.887
Time � Group — — — — 1.067 0.306 1.741 0.193

LGI
Left hemisphere 2.946 (0.105) 2.940 (0.101) 3.072 (0.156) 3.065 (0.148) — — — —
Right hemisphere 2.958 (0.111) 2.956 (0.112) 3.077 (0.146) 3.073 (0.148) — — — —
Group — — — — 15.542 <0.001 15.619 <0.001
Time — — — — 1.205 0.277 1.798 0.186
Time � Group — — — — 0.079 0.780 0.075 0.786

Note. CT ¼ cortical thickness; HC ¼ healthy controls; LGI ¼ local gyrification index; M ¼ mean; SD ¼ standard deviation; SZ ¼ patients with schizophrenia.
aCovariates accounted for include: age and estimated total intracranial volume. Repeated measures interactions and between subjects effects not included.
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was related to better treatment response at 6 weeks. We also

extracted individual averages of % change in LGI from a

hand-traced ROI overlapping with the middle frontal/pre-

central cluster defined during initial analysis plotting this

against treatment response (the plot and ROI can be seen

in Figure 3B). This plot shows that change in LGI had an

inverse relationship with treatment response compared to

change in CT. Again, we repeated this analysis with only

medication-naive SZ. As before, results were similar to the

original analyses but more widespread (P < 0.05). These

results along with a complete list of all atlas based vertex-

wise results can be found in the Supplemental Section (Fig-

ure S3; Table S3).

Discussion

In this prospective, longitudinal study, we used 2 comple-

mentary gray matter morphometry indices to assess struc-

tural integrity in SZ and neurobiological signatures of APD

treatment. We report evidence of reduced left hemisphere

CT and global LGI in unmedicated patients compared to

controls. Vertex-wise analyses suggest that LGI alterations

are most prominent in frontotemporal areas, which is con-

sistent with spatial patterns commonly detected in gray mat-

ter morphometry studies in the illness. Importantly, we

found that lower CT at baseline and greater increase of CT

following 6 weeks of APD treatment were associated with

better clinical response. This could be interpreted as evi-

dence of a deprived neuronal state in unmedicated SZ that

may be alleviated through APD and, in turn, result in favor-

able clinical outcomes. Contrary to our hypothesis, we did

not confirm that greater baseline LGI was predictive of bet-

ter treatment response.

It is now understood that as the illness progresses, gray

matter deficits become more pronounced and exten-

sive.8,40,41 Poor clinical outcomes,42,43 duration of clinical

relapses,44 cannabis use,45 and genetic liability46 are all fac-

tors associated with gray matter reductions. Because it is

Figure 2. Correlation of treatment response with baseline CT and % change in CT. (A) TR was significantly correlated, negatively, with
baseline CT in the prefrontal cortex, bilateral postcentral gyrus, left precentral gyrus, and right cingulate and insula (P < 0.05). (B) TR was
significantly correlated, positively, with % change in CT in the precentral gyrus bilaterally, left superior frontal sulcus and inferior parietal
lobule, and right postcentral gyrus and cuneus (P < 0.05). Models were corrected for age and eTIV. Multiple comparisons were corrected for
with Monte Carlo null-z simulations (P < 0.05). (C) Individual averages for baseline CT and (D) % change in CT were extracted from a hand-
traced precentral ROI from 2B and plotted with TR. CT ¼ cortical thickness; eTIV¼ estimated total intracranial; ACC ¼ anterior cingulate
cortex; SZ ¼ patients with schizophrenia; TR ¼ treatment response; ROI ¼ region of interest; L ¼ left; R ¼ right.
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difficult to disentangle the effects of illness chronicity from

medication effects, the extent to which APD contribute to

gray matter deficits is still greatly debated.47 Here, we report

global left hemisphere CT and bilateral LGI reductions in

unmedicated SZ, which was true even when APD-naive SZ

were taken into consideration. This indicates that antipsy-

chotics are not the sole contributor to gray matter deficits in

SZ and fits well with a number of studies reporting that

reductions in gray matter volume are already observed dur-

ing early stages of the illness including subjects at high risk

of psychosis,48 during SZ onset,49 and even among unaf-

fected relatives of SZ.50

While vertex-wise analyses did not detect alterations of

baseline CT, we found lower LGI in the inferior frontal

cortex, temporal cortex, insula and pre/postcentral gyri, the

temporoparietal junction, and the supramarginal gyrus in

unmedicated SZ compared to HC. Spatial patterns closely

resemble those of Palaniyappan and Liddle51 who showed

decreased gyrification in chronic SZ. However, these authors

also found increased frontomarginal LGI which we did not.

Even though imaging studies have reliably detected evi-

dence of neurodevelopmental abnormalities in the form of

altered LGI, both in FEP and in chronic SZ, findings have

been inconsistent as to the directionality and spatial distri-

bution of LGI alterations (for a recent review see the study of

Matsuda and Ohi22). Heterogeneity in data analytics, cumu-

lative APD dose, and illness chronicity may be important

reasons for conflicting findings. However, there are studies

with results discrepant to ours that are not explained by

cumulative APD dose or illness chronicity. One such study

found widespread frontal, parietal, and occipital hypergyri-

fication among medicated FEP,52 while another showed

hypergyrification across all lobes in at-risk mental state sub-

jects; subjects who transitioned to psychosis also showed

increased left occipital LGI compared to nontransitioned

subjects.53 Our report extends the literature by demonstrat-

ing, for the first time, reduced LGI in medication-naive SZ,

supporting this as an intrinsic illness characteristic rather

than a confound of APD exposure or disease chronicity.

Further underscoring the relevance of abnormal gyrification

as part of the core pathology in SZ is a recent study linking

genetic risk for SZ, quantified via polygenic risk score, to

gyrification in 2 independent samples of healthy volun-

teers.54 Interestingly, a higher polygenic risk score was

linked to a lower cortical LGI in bilateral inferior parietal

lobes, including the supramarginal gyrus, which was one of

the areas we also report LGI reductions in unmedicated SZ.

Our results showed that lower baseline CT in prefrontal,

sensorimotor, cingulate, and insular cortices predicted better

treatment response and that the increase in CT after 6 weeks

of treatment was associated with greater alleviation of pos-

itive symptoms. Like us, a recent study in medication-naive

FEP patients report a relationship between change in CT and

symptom improvement after 6 weeks of treatment with ami-

sulpride.55 Another group reported an increase in CT in the

middle frontal cortex after 8 weeks of treatment with risper-

idone or quetiapine in antipsychotic-naive FEP.56 Our results

suggest that cortical thinning may normalize as a result of a

good response to medication, which is in agreement with a

longitudinal study demonstrating that trajectories of cortical

thinning after 5 years are less pronounced in patients with

good compared to poor outcomes, as measured with the

Global Assessment of Functioning Scale.41 Other findings

may not support this conclusion. Lesh et al.57 found that

medicated FEP patients had widespread cortical thinning

compared to HC, while unmedicated FEP did not. It is dif-

ficult to discern if the difference in CT between the medi-

cated and unmedicated FEP was from APD or initial

Figure 3. Correlation of treatment response with % change in LGI.
(A) TR was significantly correlated, negatively, with % change in LGI
in the inferior parietal cortex bilaterally, the left middle frontal
cortex, and precentral gyrus, and the right inferior frontal cortex,
and cuneus (P < .05). Models were corrected for age and eTIV.
Multiple comparisons corrected for with Monte Carlo null-z simu-
lations (P < 0.05). Individual averages for (B) % change in LGI were
extracted from a hand-traced middle frontal ROI and plotted with
TR. eTIV ¼ estimated total intracranial; LGI ¼ local gyrification
index; SZ¼ patients with schizophrenia; TR¼ treatment response;
ROI ¼ region of interest; L ¼ left; R ¼ right.
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morphological differences, since they did not account for

baseline CT prior to APD. Ho et al.58 found that greater

dosage and length of APD treatment were predictive of

reduced gray matter volume in patients followed for an aver-

age interval of 7 years.

The literature supports the idea that APD treatment can

help lessen cortical thinning in SZ, possibly by alleviating

potential neurotoxic processes underlying gray matter dete-

rioration59 and mitigating the accelerated frontotemporal

cortical thinning experienced over the course of the illness.40

Second generation APD are shown to increase synaptic pro-

teins levels and promote dendritic growth.60 Brain-derived

neurotrophic factor (BDNF), one of these proteins, is an

important regulator of synaptic transmission. BDNF is

essential to synaptic plasticity and contributes to apoptotic

protection.61,62 Evidence also shows that BDNF is related to

increased spine density.63 Fernandes et al.64 conducted a

meta-analysis with over 7,000 subjects showing that SZ was

associated with lower peripheral BDNF levels. Furthermore,

APD treatment was associated with increased BDNF plasma

levels in SZ.64 Second generation APD in particular show

potential for mitigating dendritic decline in the outer cortical

layers.65 It could be argued that treatment with second gen-

eration APD (such as risperidone) could result in increased

CT. Although this suggests that APD has a neurotrophic

effect on cortical structure, APD may also affect glial cells.

Animal studies have shown increased astrocyte density of

the rat anterior cingulate cortex66 but also reduced astrocyte

number within parietal gray matter in nonhuman primates67

after APD treatment. It should be noted that both of these

studies had small sample sizes.

Somewhat surprisingly, we did not find an association

between baseline LGI and subsequent response to antipsy-

chotic treatment. Based on a study showing prominent hypo-

gyria in the insular, frontal and temporal regions in

medicated FEP patients who were categorized as poor

responders to antipsychotic treatment compared to good

responders (response to treatment here was assessed 12

weeks after imaging was completed), we hypothesized that

LGI would be a useful predictor of antipsychotic treatment

response.68 It is possible that a difference in the operational

criteria for treatment response between the studies may in

part explain discrepancies in findings. While the former used

an absolute threshold for symptom severity to dichotomize

patients into 2 categories (responders and nonresponders),

we calculated individual symptom change scores to interro-

gate associations between baseline LGI and subsequent

response to treatment. We chose this approach because we

believe that treatment response to antipsychotic medications

is best defined along a gradient, where one end is character-

ized by a very good response, the other by a very poor

response, and the middle by a suboptimal response. As gyr-

ification patterns are thought to be tightly linked to neuro-

development, and thus likely relevant in terms of clinical

outcomes, it is possible that LGI may not be predictive of

the magnitude of clinical improvement across the entire

range of treatment response. Instead, a certain threshold of

hypogyria, indicative of a clinically relevant neurodevelop-

mental insult, may have to be met to identify those who will

have a subsequent poor response to treatment. In other

words, significant abnormalities in LGI may predict poor

treatment response, but nonpathological variations in LGI

may not be associated with clinical outcomes. Of course,

this will need to be tested empirically in future large-scale

studies.

There are several strengths and limitations that need to be

considered when interpreting our data. To minimize data

variance, we only enrolled unmedicated SZ, matched groups

on several key factors, and used a rigorous longitudinal

design with a single antipsychotic medication. On the other

hand, our small sample did not allow us to fully investigate

potential differences between medication-naive and chronic

unmedicated patients or dichotomize SZ that responded well

to antipsychotic treatment and those who did not.

In summary, we report evidence of reduced CT and LGI

in unmedicated patients compared to controls, suggesting

involvement of different aspects of gray matter morphome-

try in the pathophysiology of SZ. Importantly, we found that

lower CT at baseline and greater increase of CT following 6

weeks of treatment with risperidone were associated with

better clinical response. Our results suggest that cortical

thinning may normalize as a result of a good response to

antipsychotic medication, possibly by alleviating potential

neurotoxic processes underlying gray matter deterioration.59

Despite a theoretical foundation for our a priori hypothesis,

we did not find that LGI was predictive of treatment

response. However, significant abnormalities in LGI may

be indicative of poor treatment response, while nonpatholo-

gical variations in LGI may not be associated with clinical

outcomes. Of course, the significance of LGI strictly as a

marker for poor antipsychotic response will have to be

empirically established.
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