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Abstract Brain morphometric abnormalities have been extensively reported in
schizophrenia. In this research report, we used a voxel-based morphometry (VBM)
approach to identify the effect of various confounding factors on gray matter (GM)
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volume changes in patients with schizophrenia in comparison to healthy control
subjects. Our findings highlight the importance of accounting for all possible
confounding factors during study design and analyses, as well as setting appropriate
statistical significance thresholds while reporting results in brain morphometric
studies of schizophrenia.

Keywords Voxel-based morphometry - Computerized tomography - Structural
magnetic resonance imaging - GLM ANCOVA analysis using VBM

1 Introduction

Structural brain abnormalities have been widely reported in schizophrenia, using
various imaging modalities such as computerized tomography (CT), structural
magnetic resonance imaging (sMRI), and diffusion tensor imaging (DTI) [1].
However, other than whole brain volume reductions, no regional brain morpho-
metric abnormality has emerged from these studies to be considered pathogno-
monic of the disorder. Confounding variables such as age, age of onset [2], illness
chronicity [3], medication exposure [4], substance abuse [5], unequal gender dis-
tribution [6], or handedness of study samples [7] could contribute to the incon-
sistent findings, especially when they are not controlled for in the analyses.

Various techniques have been employed to examine brain morphometry in
schizophrenia. Voxel-based morphometry (VBM) implemented in the Statistical
Parametric Mapping 8 (SPM8) software (Wellcome Department of Imaging Neu-
roscience, London; http://www.fil.ion.ucl.ac.uk/spm) is perhaps the most com-
monly used tool for identifying regional gray matter (GM) differences in
schizophrenia by surveying the whole brain. It uses T1-weighted volumetric MRI
scans, which are segmented into GM, white matter (WM), and cerebrospinal fluid
(CSF) volumes. These tissue maps will be spatially normalized to a standard
template. Then, statistical tests will be applied across all voxels in the image, to
identify volumetric differences between diseased and control subjects [8]. Thus,
VBM being an automated, rater-independent method provides an unbiased whole-
brain approach for brain morphometric analysis.

Most studies that have reported significant regional GM reductions in the frontal,
temporal, and parietal cortices in schizophrenia have controlled for confounding
factors such as demographic characteristics (age and gender) and whole brain
volume [total brain volume (TBV) or intracranial volume (ICV)] [9-12]. However,
clinical variables such as duration of illness and medication exposure could also
affect brain volumes as mentioned above. Thus, inclusion of these clinical variables
could be essential for obtaining reliable results from VBM analysis. The aim of the
present study is to demonstrate the importance of including the above clinical
variables in VBM comparisons between patients with schizophrenia and healthy
control subjects. We performed VBM analysis between a sample of patients with
schizophrenia and matched healthy control subjects initially using only the
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demographic (age, gender) and whole brain (TBV) confounding variables and then
repeated the VBM analysis with further addition of the above 2 clinical variables
(duration of illness, neuroleptic exposure in risperidone equivalents). We hypoth-
esized that the above two VBM analyses would yield different results.

2 Methodology
2.1 Study Sample

The study was carried out at the National Institute of Mental Health and Neurosci-
ences (NIMHANS), Bangalore, India, with due approval from the NIMHANS Ethics
Committee thus conforming to the ethical standards laid down in the 1964 Decla-
ration of Helsinki. The study sample consists of 15 patients diagnosed with
schizophrenia. The diagnosis for schizophrenia was ascertained with the Structured
Clinical Interview for DSM-IV (Diagnostic Statistical Manual for Mental Disorders-
Fourth edition) Axis I Disorders by a Psychiatrist. Eleven out of fifteen patients were
not on neuroleptics. The remaining patients were on antipsychotics, the doses of
which were converted to “risperidone equivalents” [13, 14]. Healthy control subjects
(N = 15) with no neurological or psychiatric history matched for age, gender, and
education with the schizophrenia sample were also recruited. Written informed
consent was obtained from all participants prior to recruitment into the study.

2.2 Image Acquisition

MRI scans were performed on Siemens Magnetom Skyra 3.0 T scanner using a 20
channel head/neck coil. T1 anatomical images were acquired with Magnetization
Prepared Rapid Gradient Echo (MPRAGE) sequence with a resolution of 1 X 1 x
1 mm’®. The image parameters were as follows: field of view = 200 mm, echo time,
TE =2.44 ms, repetition time, TR = 1,900 ms, flip angle = 9°, and bandwidth = 180 Hz/
pixel. The GRAPPA technique with an acceleration factor of one was used for the
experiment. The total acquisition time was 4 min 26 s. All scans were inspected for
motion artifacts and gross pathology by an experienced neuroradiologist (J.S.).

2.3 Voxel-Based Morphometry (VBM)

VBM permits hypothesis-free whole brain, voxel-by-voxel between-group
comparisons of GM volumes [15]. In our study, image processing and analysis
was done using the VBMS toolbox (Christian Gaser’sVBMS toolbox; http://dbm.
neuro.uni-jena.de/) of Statistical Parametric Mapping (SPM) version 8§ algorithm
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(www fil.ion.ucl.ac.uk/spm) running under MATLAB R2012a. The primary step of
VBM analysis of MR images involves spatial matching of MRI scans from different
individuals to the same stereotactic space, a process known as spatial normalization.
This preprocessing step confirms that location in one subject’s MRI corresponds to
the same location in other subject’s MRI scan. Inter-subject registration of brain
images was done by creating a sample-specific DARTEL template (Diffeomorphic
Anatomical Registration Through Exponentiated Lie algebra). A high-dimensional
spatial normalization with DARTEL was used to normalize images to the DARTEL
template. MR images were segmented to GM, WM, and CSF using prior tissue
probability maps. Finally, images were spatially smoothed with a Gaussian kernel
of 8 mm full-width-at-half-maximum which makes data conform to the Gaussian
field model. The TBVs were calculated as sum of GM and WM volumes.

2.4 Statistical Analysis

For VBM analysis, analysis of covariance (ANCOVA) within the framework of
general linear model (GLM) was used to compare between the two groups
(schizophrenia and healthy control subjects). In the first step, only structural (TBV)
and demographic (age, gender) characteristics were included as covariates, while, in
the subsequent analysis, all of the above 3 variables along with the clinical con-
founding factors, viz., duration of illness and neuroleptic dosage (in risperidone
equivalents), were included as covariates. A voxel-level peak threshold of family-
wise error correction (FWEv) p < 0.05 was set a priori to indicate significant
volumetric differences between the two samples. However, in order to examine
trend-level differences between the groups, VBM analyses were also performed
using voxel-level peak threshold of false discovery rate correction (FDRv) p < 0.05,
cluster-extent-corrected family-wise error correction (FWEc) p < 0.05, as well as at
p < 0.001 (uncorrected, extent threshold (k) = 0 voxels) with 3 and 5 covariates,
respectively.

3 Results

The mean age for schizophrenia and healthy participants was 29.06 + 8.71 and
31.36 £ 12.24, respectively. The gender (male/female) ratio for schizophrenia
sample was 10:5, and for healthy control subjects, it was 9:6. GM volumetric
differences in patients with schizophrenia when compared to healthy control sub-
jects at the different statistical significance thresholds (FWEv p < 0.05; FDRv
p < 0.05; FWEc p < 0.05), using 3 (age, gender, TBV) and 5 covariates (age,
gender, TBV, duration of illness, neuroleptic dosage), respectively, are given in
Table 1.
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Table 1 The effect of confounding variable on gray matter volume changes in the brain regions of
patients with schizophrenia when compared to healthy control subjects

Type of con- Covariates Correction Brain Coordinates of peak difference P value
founding for multiple region X Y 7
variable comparisons*®
Demographic Age, gender, FWEv Left infe- —35.54 16.23 -5.6 <0.05
and structural TBV rior fron-
tal gyrus
Right cer- 36.48 —67.6 -16.37
ebellar
declive
FDRv Left infe- —35.54 16.23 -5.6 <0.05
rior fron-
tal gyrus
Right cer- 36.48 —67.6 -16.37
ebellar
declive
Right 39.27 12 6.08
insula

Right 29.57 13.58 4.71
claustrum
Right 18.33 —87.5 —18.51
fusiform
gyrus

Demographic, Age, gender, FWEc Left -31.6 7.78 8.53 <0.05
structural and TBYV, dura- claustrum
clinical tion of ill- Left infe- -35.6 16.1 -4.26
ness, and rior fron-
cumulative tal gyrus
neuroleptic
exposure

*FWEc cluster-wise family-wise error correction; FWEv voxel-level family-wise error; FDRv voxel-level false discovery
rate

Voxel-based morphometric comparisons across groups at an uncorrected
(p < 0.001) statistical threshold showed extensive volumetric reductions in the
schizophrenia group when compared to the healthy control group with both 3 and 5
covariates (Figs. 3 and 5). When age, gender, and TBV were considered as
covariates, GM volumes were significantly reduced in left inferior frontal gyrus
(IFG) and right cerebellar posterior declive in patients with schizophrenia when
compared to healthy control subjects after correcting for multiple comparisons
using FWEv (p < 0.05) as shown in Fig. 1. At a threshold of FDRv (p < 0.05),
significant regional GM volume reductions were observed in left IFG, right cere-
bellar posterior declive, right insula, right claustrum, and right fusiform gyrus in
patients with schizophrenia compared to healthy control subjects as shown in
Fig. 2. However, at an uncorrected threshold (p < 0.001; k£ = 0 voxels), diffuse GM
volume deficits were observed in cortical and subcortical regions in schizophrenia
patients when compared to healthy control subjects as shown in Fig. 3. When age,
gender, TBV, duration of illness, and cumulative drug exposure were considered as
covariates, no significant volume differences were observed at FWEv (p < 0.05) or
FDRv (p < 0.05) thresholds. But at cluster-wise family-wise error (FWE)-corrected
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SZ<HCS
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Fig. 1 Images depicting gray matter volume reductions in schizophrenia subjects, SZ (n = 15),
when compared to healthy control subjects, HCS (n = 15), at a voxel-level FWE-corrected
significance threshold of p < 0.05 and an extent threshold of 0 voxels, with age, gender, and TBV

as covariates
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Fig. 2 Images depicting gray matter volume reductions in schizophrenia subjects, SZ (n = 15),
when compared to healthy control subjects, HCS (n = 15), at a voxel-level FDR-corrected
significance threshold of p < 0.05 and an extent threshold of 0 voxels, with age, gender, and TBV

as covariates
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SZ<HCS

1 2 3 4 6

Design matrix

Fig. 3 Images depicting gray matter volume reductions in schizophrenia subjects, SZ (n = 15),
when compared to healthy control subjects, HCS (n = 15), at an uncorrected significance threshold
of p < 0.001 and an extent threshold of 0 voxels, with age, gender, and TBV as covariates

significance thresholding (FWEc; p < 0.05; k = 648 voxels), GM volume deficits in
left claustrum and IFG were observed in patients with schizophrenia when com-
pared to healthy control subjects as shown in Fig. 4. At an uncorrected threshold
(» < 0.001; £ =0 voxels), widespread GM volume deficits were observed in cortical
and subcortical regions in patients with schizophrenia in comparison to healthy
control subjects as shown in Fig. 5.

4 Discussion

The findings of this exploratory study using VBM analyses highlight the variability
of morphometric findings in schizophrenia at different statistical significance
thresholds with or without inclusion of clinical confounding factors as covariates.
When only demographic variables (age, gender) and whole brain volume (TBV)
were included as covariates, significant morphometric reductions were noted in
patients with schizophrenia even at the most stringent statistical significance
threshold of FWEv p < 0.05. However, when clinical confounding factors (duration
of illness and neuroleptic exposure) were included as covariates in addition to the
above-mentioned covariates, volumetric reductions were noted only at more liberal
statistical significance thresholds of FWEc (p < 0.05) and p < 0.001, uncorrected for
multiple comparisons.
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Fig. 4 Images depicting gray matter volume reductions in schizophrenia subjects, SZ (n = 15),
when compared to healthy control subjects, HCS (n = 15), at a cluster-wise FWE-corrected
significance threshold of p < 0.05 and an extent threshold of 648 voxels, with age, gender, TBV,
duration of illness, and cumulative medication doses as covariates

SZ<HCS
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Fig. 5 Images depicting gray matter volume reductions in schizophrenia subjects, SZ (n = 15),
when compared to healthy control subjects, HCS (n = 15), at an uncorrected significance threshold
of p <0.001 and an extent threshold of 0 voxels, with age, gender, total brain volume, duration of
illness, and cumulative medication doses as covariates
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When age, gender, and TBV were included as covariates in the GLM ANCOVA
analysis using VBM, significant volumetric reductions were noted in the left
inferior frontal gyrus (IFG) and right cerebellar declive in patients with schizo-
phrenia in comparison to healthy control subjects at the stringent significance
threshold of FWEv p < 0.05. At a more liberal threshold of FDRv p < 0.05, more
brain regions showed volumetric reductions (Table 1). Even more brain regions
showed volumetric reductions at an uncorrected (p < 0.001) significance threshold
(Fig. 3). Our findings of volumetric reductions in schizophrenia are in agreement
with a large volume of previous morphometric results [9, 10, 16, 17]. However, it is
to be noted that the morphometric findings vary according to the statistical sig-
nificance threshold employed. Moreover, only age, gender, and TBV were entered
as covariates in the morphometric analyses.

When the clinical variables (duration of illness and neuroleptic exposure) were
entered as covariates in the GLM ANCOVA in addition to age, gender, and TBV,
there were no significant volumetric differences at the a priori decided significance
threshold of FWEv p < 0.05. Only a trend toward volumetric reductions was noted
in the left claustrum and left IFG at FWEc p < 0.05 (Table 1 and Fig. 4), with more
brain regions showing trend toward volumetric reductions at a threshold of
p < 0.001 (uncorrected) in patients with schizophrenia (Fig. 5).

In this exploratory analysis on a limited sample of patients with schizophrenia
and healthy control subjects, the left inferior frontal gyrus seems to show robust
volumetric reductions [FWEv p < 0.05 with 3 covariates; FWEc p < 0.05 with 5
covariates, trend] in patients with schizophrenia. Volumetric reduction in left IFG
has been reported in many previous studies on patients with schizophrenia [18, 19].
Left IFG encompasses the Broca’s area responsible for word generation, which is
the most consistently replicated cognitive dysfunction in schizophrenia [20].
However, it is to be noted that even the left IFG only showed a trend for volumetric
reduction at FWEc p < 0.05, when 5 covariates were used in the GLM ANCOVA.

Overall, the results of the study highlight the importance of controlling for
confounding variables in morphometric studies of schizophrenia using VBM. In
order to obtain reliable results from morphometric studies, researchers should,
therefore, control for all the various demographic, clinical, and other variables that
might impact brain volumes, both at the sample recruitment stage and at the
analysis stage. Another important issue that requires careful consideration is the
statistical significance threshold that is used for making inferences regarding
morphometric differences.

5 Conclusion

The present study demonstrates how the results of morphometric analyses vary
according to the statistical significance threshold employed. Perhaps the inconsis-
tency of previously reported morphometric findings in schizophrenia may reflect
the variable extent to which the above methodological issues were given due
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consideration [21, 22]. Therefore, future morphometric studies need to carefully
control for various socio-demographic and clinical confounding variables that affect
brain structure and employ appropriate statistical significance thresholds, in order to
generate more reliable results.
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