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Abstract

Despite hundreds of structural MRI studies documenting smaller brain volumes on average in 

schizophrenia compared to controls, little attention has been paid to group differences in the 

variability of brain volumes. Examination of variability may help interpret mean group differences 

in brain volumes and aid in better understanding the heterogeneity of schizophrenia. Variability in 

246 MRI studies was meta-analyzed for 13 structures that have shown medium to large mean 

effect sizes (Cohen’s d≥0.4): intracranial volume, total brain volume, lateral ventricles, third 

ventricle, total gray matter, frontal gray matter, prefrontal gray matter, temporal gray matter, 

superior temporal gyrus gray matter, planum temporale, hippocampus, fusiform gyrus, insula; and 

a control structure, caudate nucleus. No significant differences in variability in cortical/subcortical 

volumes were detected in schizophrenia relative to controls. In contrast, increased variability was 

found in schizophrenia compared to controls for intracranial and especially lateral and third 

ventricle volumes. These findings highlight the need for more attention to ventricles and detailed 

analyses of brain volume distributions to better elucidate the pathophysiology of schizophrenia.
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1. Introduction

The title of Eugen Bleuler’s classic text, Dementia Praecox or the Group of Schizophrenias 
(Bleuler, 1950), highlights the frequent observation that individuals diagnosed with 

schizophrenia show a large range of behavioral variation. This has led to numerous attempts 
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to define subtypes that may better reflect heterogeneity in the etiology and pathology of 

schizophrenia. Across behavioral measures that can be assessed in schizophrenia and 

controls, individuals with schizophrenia often show greater variation than controls, 

suggesting wider dispersion of important phenotypes in schizophrenia (Tandon, Nasrallah, & 

Keshavan, 2009), including cognitive functioning, symptoms and illness course (Carpenter, 

Heinrichs, & Wagman, 1988; Fenton, McGlashan, Victor, & Blyler, 1997; Mahurin, 

Velligan, & Miller, 1998). Despite repeated observations of increased behavioral variation 

and numerous investigations linking brain and behavior in schizophrenia, scant attention has 

been paid to the variation in brain measures within schizophrenia. The study of brain 

structure arose within the first few decades of conceptualizing schizophrenia as a disorder 

but only recently have tools become available to examine adequately the volumes of specific 

brain structures.

Interest in brain structure volume in schizophrenia gained momentum when computed 

tomography (CT) was first applied to schizophrenia (Johnstone, Crow, Frith, Husband, & 

Kreel, 1976), generating a considerable literature on primarily the mean but also to a certain 

extent the variation of overall brain and ventricular volume in schizophrenia. The poor 

spatial resolution of CT limited observations to gross brain or ventricular volume rather than 

specific brain structures and measurements of ventricle/brain ratios (VBR) were introduced 

in attempt to weigh the volume of ventricles against the total brain size. Of the many CT 

studies reporting increased mean VBR in schizophrenia, only four to our knowledge 

examined the distribution of VBRs in schizophrenia (Daniel, Goldberg, Gibbons, & 

Weinberger, 1991; Harvey et al., 1990; Torrey, Bowler, Taylor, & Gottesman, 1994; Vita et 

al., 2000), although these yielded few clues regarding the distribution of specific brain 

structure volumes independent of ventricular volumes in schizophrenia. Overall, these 

studies suggested that ventricle volumes follow a unimodal distribution with somewhat 

increased variability in schizophrenia compared to controls (Daniel et al., 1991; Harvey et 

al., 1990; Torrey et al., 1994; Vita et al., 2000).

More recently, starting in the late 1980’s, magnetic resonance imaging (MRI) has been used 

to study schizophrenia. Despite its capacity to measure brain structure volume more 

precisely than ever before, examining variation in brain structure volume has been lacking in 

comparison to the main thrust of examining mean differences. To illustrate, although over 30 

meta-analyses conducted on reports of mean volumetric differences between schizophrenia 

and controls demonstrated reduced mean volume for many brain structures in schizophrenia 

(Shepherd, Laurens, Matheson, Carr, & Green, 2012), to our knowledge, only one quite 

recent selective review (Brugger & Howes, 2017), restricted to ten bilateral brain structures 

and only early course patient studies, has compared variation in brain structure volume 

between schizophrenia and controls. That review concluded that there was evidence of 

increased variation in schizophrenia for volumes of the temporal cortex, thalamus, putamen, 

and third ventricle among first-episode patients. Given that increased duration of illness has 

been associated with increased reductions in total and prefrontal grey matter (Haijma et al., 

2013), variability group differences in brain structure volumes may show different patterns 

across illness course.
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Comparing brain structure volume variation between groups is important because it may 

help explain the meaning of average group differences in brain structure volume. 

Observation of greater volumetric variation in brain structure of individuals with 

schizophrenia compared to controls could suggest heterogeneity in pathological processes 

that differentially impact brain structure volume across individuals. In contrast, reduced 

average volumes but equivalence in variability of brain structure volumes between 

schizophrenia and controls could suggest some process that has a more homogeneous effect 

across schizophrenia patients, although other alternatives explanations are possible such as 

increased skewness due to heterogeneous effects that do not increase variability.

Therefore, the aim of this comprehensive quantitative review was to examine the variation of 

brain structure volume that accompanies the mean decreases in brain structure volume 

between schizophrenia and controls including both early and later stage patients. To aid in 

interpreting mean differences, we focused on brain structures that have shown medium to 

large mean differences in volume in the most comprehensive recent meta-analysis of MRI 

studies (Haijma et al., 2013). Given the etiological heterogeneity implied by polygenic 

models and findings (Gottesman & Shields, 1972; Schizophrenia Working Group of the 

Psychiatric Genomics Consortium, 2014), we hypothesized that mean volume differences 

observed in schizophrenia would be accompanied by increased variability compared to 

controls, due to a possible excess of small volumes in schizophrenia arising from 

heterogeneous causes. We tested this hypothesis in a meta-analysis of 246 studies of thirteen 

brain structures showing mean volume differences in schizophrenia and a control brain 

structure showing no mean volume differences in schizophrenia.

2. Method

2.1 Selection of Brain Structures

Of the two most common methods of analyzing structural volume, volumetric analysis and 

voxel-based morphometry, studies of the former were selected because it provides an index 

of brain structure volume variation. Here, we focused on 13 structures showing medium or 

large mean difference between schizophrenia and control groups (Cohen’s d effect size≥0.4) 

from the latest meta-analysis (Haijma et al., 2013) because these structures may be most 

likely to show variation differences if there are any to be detected: Intracranial volume, total 

brain volume, lateral ventricles, third ventricle, total gray matter, frontal lobe gray matter, 

prefrontal lobe gray matter, temporal lobe gray matter, hippocampus, planum temporale, 

superior temporal gyrus gray matter, fusiform gyrus, and insula. In addition, given that we 

did not examine all possible brain structures, we selected one control structure showing no 

significant mean schizophrenia/control difference in the latest meta-analysis (Haijma et al., 

2013) as a comparison: the caudate nucleus. The caudate nucleus was chosen as it was the 

structure with the closest mean effect size to zero (d= − 0.03) of all the structures reported in 

this meta-analysis (Haijma et al., 2013). A total of 246 articles were included in this meta-

analysis after full-text read (see Figure 1 for flowchart).

2.2 Inclusion and Exclusion Criteria

Journal articles were screened to meet all the following inclusion criteria:
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1. The full-text article was published in English.

2. The group sizes for all studies, including all participants in subgroups, comprised 

at least 10 individuals (a few studies included samples grouped by sex, which 

reduced the number of individuals in a subgroup to fewer than 10).

3. The patient sample included only individuals with a primary diagnosis of 

schizophrenia, schizophreniform disorder, or schizoaffective disorder, based on 

criteria listed in the Diagnostic and Statistical Manual of Mental Disorders 

(version III-R or IV) (American Psychiatric Association, 1980, 2000) or 

International Classification of Diseases (version 9 or 10) (World Health 

Organization, 1978, 1992).

4. The comparison group was composed of non-psychotic controls. Some studies 

screened the control group for all psychiatric diagnoses, whereas many studies 

did not specify criteria aside from an absence of psychotic diagnoses.

5. Participants in either group were not related to one another.

6. Data for structural volumes were presented for the total samples or separately by 

sex (when data for a structural volume were presented for both the total samples 

and separately by sex, only effect sizes grouped by sex were included).

7. Data were reported for the selected brain structures for the overall bilateral 

structure and/or by hemisphere, without any further subdivision (both bilateral 

and hemispheric data were included if presented).

8. Raw volumes (rather than area or thickness) were reported separately for each 

group for at least one brain structure.

9. The variance, standard deviation or standard error was reported for each group.

2.3 Search Strategies

A total of 269 articles published between August 1998 and January 2012 were extracted 

from the bibliography of the latest meta-analysis of mean volume differences between 

schizophrenia and control groups (Haijma et al., 2013). Following the methods of this meta-

analysis of mean group differences (Haijma et al., 2013), the present review included articles 

published after the last general meta-analysis of brain structure volumes in schizophrenia, 

which included articles up until 1998 (Wright et al., 2000). In addition, based on their 

literature search strategy (Haijma et al., 2013), 1552 peer-reviewed journal articles published 

from January 2012 to September 2015 were also electronically identified using a 

conjunction of the three free-text search terms, “schizophrenia”, “brain”, “ and “magnetic 

resonance imaging” or “MRI” in three comprehensive medical journal databases 

(MEDLINE, PubMed, and EMBASE) and eight leading journal databases that were most 

relevant to the study topics (American Journal of Psychiatry, JAMA Psychiatry (formerly 

known as Archives of General Psychiatry prior to July 2012), Biological Psychiatry, 

NeuroImage, Psychiatry Research, Schizophrenia Bulletin and Schizophrenia Research). 

When applicable, medical subject heading (MeSH) terms were also included in the search. 
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Duplicate publications were removed using EndNote X7 bibliographic software yielding 

1220 articles. A total of 246 articles were included in this meta-analysis after full-text read.

The vast majority of included articles reported cross-sectional structural MRI studies 

conducted on convenience samples of medicated schizophrenia patients and healthy 

controls. Brain regions were extracted using automatic segmentation for overall brain 

structures (intracranial volume and total brain volume) and either semi-automatic or manual 

segmentation on raw images for specific brain structures. For studies of antipsychotic-naïve 

patients, articles published before September 1998 that were previously selected for review 

in the latest meta-analysis of mean differences (Haijma et al., 2013) and met our inclusion 

criteria were included in addition to studies published after September 1998. Only baseline 

data from longitudinal studies were included in this review. Furthermore, only hemispheric 

volumes for the following structures were included as fewer than five samples presenting 

bilateral volumes met inclusion criteria: superior temporal gyrus gray matter, planum 

temporale, fusiform gyrus, and insula. All other structures had both bilateral and 

hemispheric data. Medication dosages were converted to chlorpromazine dose equivalents 

(Gardner, Murphy, O’Donnell, Centorrino, & Baldessarini, 2010). Because the PANSS total 

score was the symptom rating with the most observations, it was used as the measure of 

current symptom severity.

2.4 Data Extraction

The effect sizes extracted from the included articles were entered on two occasions by the 

first author. Absolute volumes were converted to mm3. When samples were partially 

overlapping for a structure, only the largest sample for the structure was included. When 

only standard errors (SE) were provided, standard deviations (s) were calculated for each 

group using the formula: s = SE × √N, where N represents the number of participants in the 

group.

2.5 Computation of Effect Sizes

2.5.1 Variability ratio.—To compare the variability of brain structure volumes in 

schizophrenia and controls, the ratio of schizophrenia and control variability (variability 

ratio, VR) was calculated for each study. Drawing upon recent work proposing the ratio of 

standard deviations as an unbiased estimate of group differences in the population variability 

and its sampling variance, the natural logarithm (ln) of the variability ratio and its sampling 

variance were calculated according to the following formulas (Nakagawa et al., 2015), 

where SZ denotes the schizophrenia group, HC the control group, s the standard deviation, 

and n the sample size:

ln VR = ln
SSZ
SHC

+ 1
2 nSZ − 1

− 1
2 nHC − 1

Sln VR
2 = 1

2 nHC − 1
+ 1

2 nSZ − 1

Kuo and Pogue-Geile Page 5

Neurosci Biobehav Rev. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The variability ratio was derived from an unbiased variability effect size for a single sample, 

the natural logarithm of the standard deviation and its sampling variance (Nakagawa et al., 

2015):

ln V = ln s + 1
2 n − 1

Sln V
2 = 1

2 n − 1

To statistically evaluate the differences in structural volume variability between 

schizophrenia and controls, meta-analyses were performed of the null hypothesis that the 

natural log of the variability ratio equals 0 (i.e., the variability ratio is 1).

The ratio of coefficients of variation was also proposed in the same report as an alternative 

estimate of population variability (Nakagawa et al., 2015). However, the variability ratio was 

chosen here instead of the ratio of coefficients of variation (group standard deviation divided 

by group mean) for several reasons. The coefficient of variation divides the variability by the 

mean in an attempt to adjust for a tendency for means and variability to be positively 

correlated (i.e., lower means paired with lower variability) perhaps due to floor effects that 

might reduce variation for groups with lower means because of a truncation of low values. In 

the current situation, the control group, being the norm, presumably should not have floor 

effects as studies suggest that brain structure volumes are normally distributed in the general 

population (Leonard et al., 2008). Thus, for structures for which schizophrenia has reduced 

means (e.g., most specific brain structures), floor effects if present might reduce their 

variability compared to controls. However, it is hypothesized that schizophrenia will show 

increased variability, not decreased and thus any floor effects will not contribute to spurious 

positive results. In contrast, for structures for which schizophrenia has increased means (e.g., 

ventricles) floor effects should not reduce or affect their variability. Thus, given reduced 

means for brain structures, the ratio of coefficients of variation may be inappropriately 

liberal compared to the variability ratio, whereas given increased means in schizophrenia for 

ventricles, the ratio of coefficients of variation may be inappropriately conservative. 

Therefore, the variability ratio was utilized here as it is a more direct, unadjusted measure 

that is not potentially inappropriately influenced by differences in group means, which are 

likely present in this situation.

2.5.2 Mean effect size.—To compare mean structural volumes in schizophrenia and 

controls, the effect size and variability for Glass’ delta (M. L. Smith & Glass, 1977) were 

computed using the following formulas, where N denotes the number of samples:

Glass′ Δ =
xSZ − xHC

SHC
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SΔ
2 = N

nSZnHC
+ Δ2

2 nHC − 1

Standardizing the mean difference to the control group standard deviation avoids problems 

in interpreting differences in mean structural volumes when using pooled standard 

deviations in the context of group differences in variation, as hypothesized in this study. To 

statistically evaluate the mean differences in structural volumes between schizophrenia and 

controls, meta-analyses were performed of the null hypothesis that the delta-value equals 0.

2.6 Meta-analyses

Meta-analyses were conducted using STATA (version 14) with a random effects model (a 

standard and conservative approach), weighting the studies by their inverse variability, and 

calculating the Dersimonian-Laird effect size. The “metan” and “admetan” subroutines were 

used to conduct the meta-analysis for each structure and to create graphical depictions of the 

effect sizes respectively. In addition, the “metanbias” sub-routine was used to examine the 

possibility of bias, and “metareg” was used to conduct meta-regressions. Although overly 

conservative given the intercorrelations among brain structures’ volumes, the Bonferroni-

adjusted threshold for multiple comparisons was 0.05/31 = 0.0016, based on the number of 

non-control regions examined.

2.7 Heterogeneity

Given the wide range of recruitment strategies and methods for scanning and defining brain 

structures, considerable heterogeneity across studies should be expected. To quantify this, 

we computed two metrics for each meta-analysis: Cochran’s Q (Cochran, 1954) and I2 

(Higgins’ Thompson, Deeks, & Altman, 2003). Although no MRI studies to our knowledge 

have been published that a priori sought to examine if schizophrenia had increased brain 

volume variability (thus minimizing any potential publication bias), we assessed potential 

publication bias attributable to small studies with Egger’s regression test (ERT) (Egger, 

Davey Smith, Schneider, & Minder, 1997), which investigates correlations between effect 

sizes and sample sizes. A significant ERT may indicate that a result is based upon a biased 

selection of small studies, although differences in the protocols or populations of smaller 

studies could also result in larger effect sizes.

2.8 Hemispheric Effects

Hemisphere effects were examined using two methods. First, meta-analyses were conducted 

for variability ratios of brain structure volumes separately by hemisphere. Secondly, in the 

absence of appropriate meta-analytic techniques for examining differences between 

correlated ratios of standard deviations, we also compared left-hemisphere and right-

hemisphere variability ratios using one-sample t-tests of the null hypothesis that their 

difference equaled 0. Specifically, the exponentiated variability ratio for the right 

hemisphere volume was subtracted from the exponentiated variability ratio for the left 

hemisphere volume for each sample and a one-sample t-test evaluated whether these 

hemispheric differences in variability ratios across samples differed significantly from zero. 
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For the hemispheric differences in mean group differences for a structure, a similar strategy 

was employed in which Glass’ delta for the right hemisphere volume was subtracted from 

Glass’ delta for the left hemisphere volume for each sample. This one-sample t-test 

compared whether the hemispheric differences in Glass’ delta across samples differed 

significantly from zero. Although these one-sample t-tests appropriately account for the 

pairing of hemispheric volumes within studies, they do not utilize meta-analytic methods 

and thus do not account for the weighting of the studies nor the increased precision from 

pooling multiple studies.

2.9 Meta-Regressions

Restricted maximum likelihood (REML) weighted random-effects meta-regressions were 

performed to examine whether variation in the following demographic characteristics 

predicted variability group differences in bilateral brain structure volume across studies 

(given at least five samples):

1. Ratios of group proportions for sex, handedness and ethnicity.

2. Ratios of group standard deviations for age, years of education, parental 

socioeconomic status measured on the Hollingshead Index, intelligence quotient 

(IQ), height, intracranial volume, and total brain volume.

3. Standard deviations in the schizophrenia group for clinical variables: age at 

illness onset, illness duration, antipsychotic medication dosage (in antipsychotic-

exposed samples only), and current symptom severity.

In addition, REML weighted random-effects meta-regressions were also performed to 

examine whether sample means of the following characteristics predicted variability group 

differences in bilateral brain structure volume across studies (given at least five samples):

1. Sample mean (averaging the percentages or means of both groups) for: sex, 

handedness, ethnicity, age, years of education, parental socioeconomic status 

measured on the Hollingshead Index, IQ, height, intracranial volume, and total 

brain volume.

2. Difference in group means for relevant structure volume.

3. Means in the schizophrenia group for clinical variables: age at illness onset, 

illness duration, antipsychotic medication dosage (in antipsychotic-exposed 

samples only), and current symptom severity.

4. Antipsychotic exposure: 100% antipsychotic-naïve samples vs others

5. Current substance abuse: explicit exclusion for current substance abuse vs others

6. Sample recruitment: first admission samples vs others

7. Scanning parameters: magnetic field strength and slice thickness. There was 

insufficient variation in slice gap width across studies to conduct meta-regression 

analyses.
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3. Results

3.1 Sample Characteristics

Across all samples, the schizophrenia and control groups included on average 35 

participants each. Characteristics of samples included in bilateral structure analyses are 

shown in Table 1a and samples included in hemispheric analyses are shown in Table 1b. The 

average group was two-thirds male participants, mostly of European ancestry, and 

approximately 30 years old. Scanning parameters for the average sample included 1.5T 

scanners (~80% 1.5T, ~15% 3.0 T), slice thickness approximating 1.6mm, and little to no 

slice gap (mean width<0.1 mm).

3.2 Mean Group Differences in Brain Structure Volumes

Ventricle volumes showed the largest mean effect sizes of all examined structures 

(Supplemental Table 1): individuals with schizophrenia showed enlargement of the lateral 

ventricles (d=0.443, p<.001) and third ventricle (d=0.518, p<.001). As also expected, 

individuals with schizophrenia showed as well smaller average global structural volumes 

than controls: intracranial volume (d=−0.121, p<.001), total brain volume (d=−0.246, p<.

001), and gray matter volume (d=−0.377, p<.001). Similarly, individuals with schizophrenia 

showed smaller average gray matter volumes than controls for the frontal lobe (d=−0.313, 

p=.003), prefrontal lobe (d=−0.400, p<.001), temporal lobe (d=−1.093, p=.029), and 

superior temporal gyrus (left hemisphere d=−0.572 and right hemisphere d=−0.903, ps<.

001). Average hippocampal volume was also smaller in schizophrenia compared to controls 

(d=−0.492, p=<0.001), as were fusiform gyrus (left hemisphere d=−0.600 and right 

hemisphere d=−0.449, ps<.005), planum temporale (left hemisphere d=−0.775 and right 

hemisphere d=−0.349, ps<.043), and left insula (d=−0.459, p=.045); right insula volume was 

non-significantly smaller in schizophrenia. As expected, the control region, the caudate 

nucleus, on average did not differ significantly between schizophrenia and controls (d=

−0.182, p=.107). Mean effect sizes for brain structures appeared similar between right and 

left hemispheres (Supplemental Table 1) and no significant differences were found between 

hemispheres in mean group volume differences (Supplemental Table 2).

3.3 Variability Group Differences in Brain Structure Volumes

Overall variability group differences in brain structure volumes are summarized in Table 2 

(variability ratios for each individual sample are presented for bilateral, left, and right 

hemisphere structures in Supplemental Tables 3a, 3b, and 3c). Variability group differences 

in brain structure volumes were greatest for the ventricles: compared to controls, individuals 

with schizophrenia showed 8.7% greater variability in lateral ventricle volumes (VR=1.087, 

p=.002) and 14.1% greater variability in third ventricle volumes (VR=1.141, p<.001). 

Variability group differences for lateral ventricle volumes also did not differ significantly 

between hemispheres (see Table 3), and effect sizes for hemispheric lateral ventricle 

volumes were even somewhat larger than those found for bilateral ventricle volumes (left 

hemisphere VR=1.128 and right hemisphere VR=1.141, ps<.010). Significant variability 

group differences were also found for intracranial volume, which was 2.8% more variable in 

schizophrenia than controls (VR=1.028, p=.002). Using a perhaps overly conservative (given 

intercorrelations among brain structure volumes) Bonferroni adjustment for multiple testing 
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(alpha=0.0016), the only significant finding was increased variability in third ventricle 

volume in schizophrenia compared to healthy controls. Forestplots for variability group 

differences in intracranial and ventricle volumes are presented in Supplemental Figures 1–4.

In contrast, variability in global brain tissue structures was not significantly different in 

schizophrenia and controls, as suggested by the small, non-significant effect sizes for total 

brain volume (VR=1.002, p=.909) and total gray matter volume (VR=1.024, p=.128). 

Similarly, gray matter volumes of the frontal lobe, prefrontal lobe, temporal lobe and 

superior temporal gyrus and volumes of the hippocampus, fusiform gyrus, planum 

temporale, insula and the control caudate region did not differ significantly in variability 

between schizophrenia than controls. Variability group differences did not differ 

significantly by hemisphere for any of these brain structure volumes (see Table 3).

3.4 Heterogeneity

Cochran’s Q tests suggested significant heterogeneity in variability group differences across 

all brain structures examined (see Table 2). The proportion of heterogeneity in variability 

group differences across studies that was not attributable to chance, as indicated by the I2 

statistic, approximated 79 to 99% across all studies. Addressing the potential effects of 

publication bias, the results of Egger’s regression tests indicated that small sample sizes 

were unlikely to contribute to larger variability group differences for any brain structure 

except for gray matter volume of the right prefrontal lobe and right insula volume.

3.5 Meta-Regressions

Given that variability group differences appeared uniform across hemispheres based on the 

results of separate meta-analyses by hemisphere and the nonsignificant one-sample t-tests of 

hemispheric differences across all brain structure volumes, heterogeneity was investigated in 

variability group differences of bilateral structures.

Results of meta-regressions first examined whether sample differences in variation in 

demographic, scanning and clinical characteristics accounted for some of the heterogeneity 

across samples in variability group differences for bilateral brain structure volumes (see 

Supplemental Table 4a-j). Focusing on those structures that had group differences in 

variability, increased variability group difference for intracranial volume was significantly 

predicted by greater variation in schizophrenia symptom severity and greater group 

difference in variability in lateral ventricle volume was predicted by deceased right 

handedness in patients vs controls; otherwise, variability group differences in intracranial 

volume and ventricle volumes were not significantly predicted by variation in sample 

characteristics. Meta-regressions also examined if average sample demographic, scanning 

and clinical characteristics accounted for some of the heterogeneity across samples in 

variability group differences for bilateral brain structure volumes (see Supplemental Table 

5a-j). Increased variability group difference in intracranial volume was predicted by 

increased mean antipsychotic dosage in antipsychotic-exposed schizophrenia samples and 

by non-first episode status. Increased lateral ventricle group differences in variability was 

significantly predicted by antipsychotic exposure; otherwise, intracranial volume and 

ventricle volumes were not significantly predicted by mean sample characteristics. Meta-
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regressions were also conducted examining the relationship between mean group difference 

and variability ratio (see Supplemental Table 5a-j). These analyses indicated that mean 

group differences were positively correlated with variability ratios for volumes of the lateral 

ventricles and third ventricle.

Similar meta-regression results for brain structures that did not show significant overall 

group differences in variation in schizophrenia compared to controls are presented in 

Supplemental Tables 4a-j, 5a-j.

Overall, these analyses found few sample characteristics that predicted variability group 

differences in brain structure volumes and given the number of meta-regressions and often 

small number of studies, those few significant results should be interpreted with caution.

4. Discussion

Using stringent, conservative study selection and data aggregation criteria, we 

comprehensively review the magnitude of variation in brain structure volumes in 

schizophrenia, including early and late stages, measured using MRI from 246 studies across 

14 brain structures. Overall, our results highlight increased variation in intracranial (+2.8%), 

and lateral (+8.7%) and third (+14.1%) ventricles in schizophrenia compared to healthy 

controls. In contrast, volumes of 11 other brain structures did not differ significantly in 

variability between schizophrenia and controls (Table 2). Using a conservative Bonferroni 

adjustment for multiple corrections (alpha=0.0016), the increased variability in third 

ventricle volume in schizophrenia compared to healthy controls remained significant. These 

results were consistent across hemispheres and all (except as expected the control structure) 

showed the mean reduction in brain volume expected based on prior meta-analyses (Haijma 

et al., 2013). Results from a recent smaller meta-analysis restricted to first-episode patients 

(Brugger & Howes, 2017) generally fit with these observations, also finding significantly 

increased variability in schizophrenia for lateral and third ventricles and non-significant 

differences for frontal lobe gray matter, hippocampus, and caudate nucleus based on 

variability ratios, although analyses of coefficients of variation produced some different 

results. In contrast, that review reported significantly increased variability for total temporal 

lobe volume whereas we did not for our measure of temporal lobe gray matter volume (p=.

476), perhaps due to duration of illness effects or differences between gray and white matter. 

We cannot compare results for other structures as that review did not examine intracranial 

volume, total brain volume, total gray matter volume, prefrontal gray matter, superior 

temporal gyrus gray matter, fusiform gyrus, planum temporale, insula, or any hemispheric 

structures. In addition, the current review did not include the amygdala, anterior cingulate 

cortex, putamen, or thalamus because they had not shown robust mean volume decreases 

(Cohen’s d effect size>0.4) in the most recent meta-analysis of mean volume differences in 

schizophrenia (Haijma et al., 2013). Beyond including patients from early and later stages of 

illness, which over doubled the number of studies included here, the current review also 

employed more conservative methods, using only data from unadjusted raw volumes without 

combining structural volumes across subregions, hemispheres, subgroups, or gray and white 

matter based on uncertain statistical assumptions.
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The heterogeneity analyses suggest that, on the whole, the findings are not consistently 

explained by key demographic, scanning, and clinical characteristics. Possible exceptions 

include: Recruitment/episode analyses indicated increased variability differences for 

intracranial volume in non-first admission samples vs first admission samples; other findings 

concern antipsychotic medications, such that although antipsychotic exposed samples did 

not differ significantly from naive samples, among antipsychotic exposed patients, increased 

mean antipsychotic dosage was associated with increased variability group differences in 

intracranial volume. Antipsychotic exposed samples also showed greater group differences 

in variability for lateral ventricles compared to naive samples. Taken together, these results 

suggest that antipsychotic levels may somehow be associated with greater variability in 

intracranial and ventricle volume in schizophrenia, although given the small number of 

antipsychotic naïve studies and the large number of meta-regressions, such results need to be 

interpreted cautiously.

Interestingly, larger mean group differences were associated with larger variability group 

differences for lateral and third ventricle volumes (and also for gray matter volume of the 

temporal lobe), suggesting that increased mean shifts in the distribution were accompanied 

by greater variability in ventricle volumes.

How confident can we be in our findings based on methodological considerations? The 

significantly increased variability in schizophrenia for intracranial and lateral and third 

ventricle volumes is unlikely to be attributable to publication bias and they were also 

statistically well-powered (participant Ns=9267, 1376 and 1470, respectively). Likewise, 

group differences in variability or mean demographic, sampling or clinical characteristics 

did not appear to account clearly for these positive results. On the other hand, the non-

significant findings for several of the other brain structures do not seem to be due to low 

power, as sample sizes for total brain, total gray matter, and bilateral hippocampal volumes 

were quite large (participant Ns 5876, 5354, and 4903, respectively), although sample sizes 

for other non-significant structures were smaller and ranged between approximately 450 to 

750, with a low outlier of 212 (insula). Of the structures with non-significant results, the 

majority (72%, 21/29) had variability ratios of 1.0 (truncated to 1 decimal place) (indicating 

no difference), eight (28%) had variability ratios less than 1.0 (indicating decreased 

schizophrenia variation) and only 2 (7%) had variability ratios greater than 1.0, suggesting 

that in most cases, non-significant effect sizes were indeed small or non-existent. 

Interestingly, there were no significant findings of decreased variation in schizophrenia 

compared to controls. It is also possible that the non-significant results for brain structure 

volumes are due to being measured less reliably than intracranial and ventricular volumes. 

However, other large, presumably well-measured structures, such as total brain and total 

gray matter volumes, showed low non-significant variability ratios (1.002 and 1.024 

respectively). Intracranial and ventricular volume may also have shown significantly 

increased variability because they represent the aggregated effects of many individual 

structures, each of which has only a small non-significant effect-size. Although plausible, 

again the non-significant results for total brain and total gray matter volumes suggest that 

this may not be the entire story.
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First, how might the findings of no significant differences in variability between 

schizophrenia patients and controls arise for ten of the brain structures, especially given the 

reduced mean volumes of schizophrenia patients? Although it can be difficult to interpret 

null findings, the negative results for total brain and total gray matter volume and the other 

eight individual brain structures warrant attempts at explanation. Such a pattern of results 

(mean difference but no variability difference) is consistent with the simple situation in 

which every schizophrenia patient’s brain structure volume is reduced by a constant amount 

across patients, thus reducing the mean but not affecting the variability. While consistent 

with the observations, such a hypothesis seems very unlikely given what we know about the 

multifactorial polygenic nature of schizophrenia etiology, although iatrogenic effects (e.g., 

medication) might act in this fashion (Weinberger & Radulescu, 2016).

In contrast, many other scenarios predict some variability difference in schizophrenia. For 

example, variability may decline with reduced means due to floor effects, although it is 

possible that this effect was not statistically significant here because the reduction in mean 

volumes (mean effect size usually less than 0.5 control standard deviations) was too small to 

confront the lower biological bound for brain volumes. Likewise, beginning with a normal 

distribution in controls (Leonard et al., 2008) and increasing the frequency in schizophrenia 

of some brain volume reducing causes (e.g., schizophrenia genetic risk variants that 

pleiotropically also reduce brain volume) can also reduce both variability and mean while 

increasing positive skewness (i.e., a skew-normal distribution). In contrast, heterogeneity 

hypotheses in which schizophrenia brain volumes reflect a mixture of multiple distributions 

due to differing pathologies would usually predict increased variation compared to controls. 

Given such plausible hypotheses, the apparent absence of variability differences was 

unexpected. Analysis of individual participant data and the specifics of the distributions 

(e.g., shape, skewness, kurtosis, mixture) in both schizophrenia and control populations are 

needed to understand further these unexpected findings of apparently equivalent variability.

In contrast to these negative results for specific brain structures, robust findings of increased 

variability in schizophrenia were found for the “non-brain” structures of intracranial volume 

and especially for lateral and third ventricles. Although it was a relatively small effect 

(1.028) for intracranial volume, given the young age at which the cranium usually ceases 

development (Matsumae et al., 1996; Sgouros, Goldin, Hockley, Wake, & Natarajan, 1999), 

such results are consistent with the possibility that at least some schizophrenia causes have 

effects early in life. How should we interpret the significant findings of increased ventricular 

variability in schizophrenia, which were the largest observed here (variability ratios ranged 

from 1.087 to 1.141)? Reduced variability may be associated with reduced means in the 

presence of floor and the absence of ceiling effects. In this particular situation however, the 

control group, being the norm, presumably should not have floor effects as brain structure 

volumes are normally distributed in the general population (Leonard et al., 2008). Thus, for 

structures like the ventricles for which schizophrenia has increased means, floor effects 

should not reduce and certainly not increase their variability. Potential ceiling effects 

likewise might reduce variability in schizophrenia but not increase them. Furthermore, the 

mean effect size increases in ventricular volumes are approximately 0.5 control standard 

deviations, which are generally similar to the mean reductions in volume of many of the 

specific brain regions discussed above. If a 0.5 effect size reduction is hypothesized to be too 
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small to affect the variability of the specific brain structures, it is not clear why a similar 

mean effect size increase would not have the same null effect for the ventricles. These points 

suggest that the increased variability in ventricles in schizophrenia is not spurious and 

instead that some other factors are operating with ventricles, with one possibility being that 

ventricle volumes reflect a mixture of distributions. Although often considered as only 

reflecting the lack of volume of other more specific brain structures, it may therefore be that 

ventricular volume also reflects other causes that are specific to ventricles alone and are not 

shared with effects on specific brain structures. Ventricular volume was by necessity the 

focus of considerable early research using CT scans but has received less attention (Elkis, 

Friedman, Wise, & Meltzer, 1995; Torrey et al., 1994; van Horn & McManus, 1992) with 

the advent of MRI’s ability to measure volumes more accurately. These results suggest 

renewed attention be paid to ventricular volume.

In contrast, variability group differences were non-significant for brain tissue structures. Of 

these non-significant results, the largest effect size trends may suggest potentially increased 

variability in schizophrenia for total frontal lobe gray matter volume in the hemispheric 

analyses (left variability ratio 1.112, p=.059 and right 1.146, p=.074). While tentative, these 

findings suggest that among specific brain structures, frontal gray matter volume may be the 

most likely to demonstrate increased variability in schizophrenia. Although tentative, such 

findings are particularly interesting in light of cognitive, neural and pathophysiological 

abnormalities associated with the prefrontal cortex in schizophrenia (Weinberger et al., 

2001).

This study consolidates reports of MRI-measured variation in brain volumes in 

schizophrenia conducted over the past two decades and as a result large numbers of subjects 

contributed to the analysis of most brain structure volumes. Furthermore, a wide range of 

relevant demographic, clinical, and scanning variables were explored as possible 

contributors to the heterogeneity across studies. Still, the findings of this review should be 

interpreted in the light of some limitations. Following the methods of the most recent 

comprehensive meta-analysis of mean group differences (Haijma et al., 2013), this review 

only encompassed studies published since 1998. Our conclusions for certain brain structures 

are constrained by the small number and size of some samples included. We decided a priori 

to examine only the volumes of those brain structures showing at least a medium mean 

effect size; other brain structures may show different results. We also decided that one 

control region with a mean effect size of approximately zero was sufficient for 

interpretability, although we acknowledge the possibility that other similar structures may 

show other patterns of variability group differences. The large number of meta-regressions 

also increases the likelihood of inflated alpha error for these heterogeneity analyses. In 

addition, because this meta-analysis relied upon cross-sectional designs, we cannot provide 

any information concerning developmental aspects of brain volume variability.

As far as we are aware, this is the first meta-analysis of MRI studies of brain structure 

variation across all illness stages in schizophrenia and the most comprehensive. We analyzed 

data for 14 brain structures from 246 studies and found no significant differences in 

variability in cortical and subcortical brain structures volumes in schizophrenia relative to 

controls, consistent across a wide range of demographic, clinical and neuroimaging 
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characteristics. In contrast, robust increased variability was found in schizophrenia 

compared to controls for intracranial and ventricular volumes.

Overall, these findings present a proof of concept for interrogating the meaning of mean 

group differences in biological features for schizophrenia and controls. Although this study 

does not completely resolve the meaning of mean group differences in structural brain 

volumes, raises important questions and suggests multiple directions for further research. 

Broadly, this study suggests that variability of brain structure volumes in schizophrenia 

merits further characterization. In particular, these findings highlight the need for more 

detailed analyses of MRI brain volume distributions based on raw data to determine their 

shape and mixture, with skew and kurtosis for distributions of brain volumes evaluated 

within and between groups. Furthermore, we recommend examining not only whether 

means of key demographic, scanning, and clinical variables may contribute to variability in 

brain structure volumes, but also whether group differences in the variability of these 

predictors may contribute to this variability. The heterogeneity in these findings further 

suggests the utility of examining distributional differences in brain structure volumes 

associated with antipsychotic medication dosage, to further inform the effects of medication 

on brain structure volumes in schizophrenia. Ultimately, resolving the shape of the 

underlying distribution and the fit of multiple distributions necessitates analyses conducted 

on individual-level data rather than group-level data. These results also recommend renewed 

attention to the etiology and development of brain ventricles in schizophrenia, and to 

examine whether these processes arise specifically in schizophrenia or are found in other 

psychiatric disorders.
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Highlights

• Cortical and subcortical volumes are equally variable in schizophrenia and 

controls

• Intracranial and ventricle volumes are more variable in schizophrenia than 

controls

• Variance group differences consistent across demographic and clinical 

variables
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Figure 1. 
Flowchart depicting systematic review process.

Kuo and Pogue-Geile Page 35

Neurosci Biobehav Rev. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kuo and Pogue-Geile Page 36

Table 1a

Characteristics of Samples Included in Bilateral Structure Analyses

Schizophrenia Controls

Characteristic N Mean Across Samples SD Across Samples N Mean Across Samples SD Across Samples

Group Size 219 34.94 27.23 219 36.68 31.60

Age 204
(201)

30.74
(7.20)

8.27
(2.97)

204
(201)

30.39
(7.15)

8.53
(3.28)

Sex 216 66.74 28.60 216 64.17 28.96

Handedness 138 92.76 9.42 137 94.35 7.55

Ethnicity 32 70.94 26.07 32 76.03 21.84

Education 90
(89)

12.42
(2.48)

1.72
(0.84)

90
(89)

14.01
(2.50)

1.90
(1.12)

Socioeconomic Status 48
(48)

2.88
(1.02)

0.57
(0.39)

47
(47)

2.62
(0.92)

0.60
(0.31)

Intelligence Quotient 45
(44)

97.61
(13.68)

9.45
(3.51)

45
(44)

109.79
(11.70)

7.34
(2.84)

Height 37
(37)

170.11
(8.11)

6.82
(2.16)

37
(37)

171.59
(7.69)

7.09
(2.20)

Scanning Parameters

Magnetic Field Strength

 0.5 T 1 0.5%

 1.0 T 5 2.3%

 1.5 T 180 82.2%

 2.0 T 1 0.5%

 3.0 T 20 9.1%

Slice Thickness 181 1.59 0.83

Slice Gap Width 124 0.07 0.35

Intrarater Reliability 71 0.91 0.08

Interrater Reliability 31 0.92 0.07

Clinical Characteristics

First-Episode (%) 63 94.53 18.10

Chronic (%) 27 97.91 10.88

Inpatient (%) 10 71.94 32.77

Outpatient (%) 14 78.97 33.52

Medicated (%) 82 90.66 24.16

Antipsychotic Dosage 68
(66)

468.17
(344.97)

220.16
(174.51)

Illness Onset 94
(94)

22.64
(5.47)

3.79
(1.70)

Illness Duration 131
(129)

9.65
(6.10)

7.11
(3.56)

Symptom Severity 51
(51)

71.52
(16.53)

15.02
(5.25)

Note. Group proportions or means within samples are shown with standard deviations enclosed in parentheses where appropriate. N (number of 
samples reporting a given characteristic), sex (proportion male), handedness (proportion right-handed), ethnicity (proportion European ancestry), 
education (years of formal education), height (centimeters), socioeconomic status (parental socioeconomic status rated on the Hollingshead Index), 
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antipsychotic dosage (daily dosage in chlorpromazine equivalents only for antipsychotic exposed samples), illness onset (age at schizophrenia 
onset), symptom severity (Positive and Negative Symptom Scale overall score).
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Table 1b

Characteristics of Samples Included in Hemispheric Structure Analyses

Schizophrenia Controls

Characteristic N Mean Across Samples SD Across Samples N Mean Across Samples SD Across Samples

Group Size 136 32.81 29.41 136 34.88 35.50

Age 123
(121)

30.90
(7.13)

8.57
(3.14)

123
(121)

30.76
(7.14)

8.66
(3.32)

Sex 136 64.94 32.95 136 62.86 32.88

Handedness 88 92.73 10.09 88 93.48 9.23

Ethnicity 18 61.55 22.02 18 70.72 18.02

Education 54
(54)

12.41
(2.53)

2.01
(1.00)

54
(54)

14.13
(2.54)

2.14
(1.16)

Socioeconomic Status 31
(30)

2.91
(1.07)

0.59
(0.44)

31
(30)

2.60
(0.93)

0.65
(0.31)

Intelligence Quotient 21
(21)

94.14
(13.62)

9.14
(4.44)

21
(21)

107.81
(11.78)

6.62
(3.20)

Height 28
(28)

169.19
(8.07)

6.72
(2.46)

28
(28)

169.84
(7.66)

6.64
(2.73)

Scanning Parameters

Magnetic Field Strength

 0.5 T 1 0.7%

 1.0 T 5 3.7%

 1.5 T 108 79.4%

 3.0 T 15 11.0%

Slice Thickness 105 1.69 1.00

Slice Gap Width 78 0.07 0.34

Intrarater Reliability 68 0.90 0.08

Interrater Reliability 36 0.93 0.04

Clinical Characteristics

First-Episode (%) 36 95.85 15.30

Chronic (%) 11 94.24 19.10

Inpatient (%) 10 75.93 36.40

Outpatient (%) 13 80.04 35.71

Medicated (%) 46 93.04 16.41

Antipsychotic Dosage 48
(46)

536.81
(437.69)

206.44
(199.18)

Illness Onset 57
(57)

22.65
(5.33)

3.27
(1.95)

Illness Duration 83
(81)

9.41
(5.87)

7.84
(3.86)

Symptom Severity 21
(21)

74.09
(16.62)

11.98
(5.96)

Note. Group proportions or means within samples are shown with standard deviations enclosed in parentheses where appropriate. N (number of 
samples reporting a given characteristic), sex (proportion male), handedness (proportion right-handed), ethnicity (proportion European ancestry), 
education (years of formal education), height (centimeters), socioeconomic status (parental socioeconomic status rated on the Hollingshead Index), 
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antipsychotic dosage (daily dosage in chlorpromazine equivalents only for antipsychotic exposed samples), illness onset (age at schizophrenia 
onset), symptom severity (Positive and Negative Symptom Scale overall score).
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Table 3

Summary of T-Tests Comparing Group Differences in Variability for Brain Structure Volume by Hemisphere

Laterality in Brain Structure Number of Samples Difference t p-value

Total Brain Volume 11 −0.012 −0.120 0.907

Total Gray Matter Volume 5 0.006 0.105 0.921

Lateral Ventricles 20 −0.034 −0.463 0.649

Gray Matter Frontal Lobe 8 −0.052 −0.498 0.634

Gray Matter Prefrontal Lobe 7 0.177 1.547 0.173

Gray Matter Temporal Lobe 9 −0.020 −0.199 0.847

Gray Matter Superior Temporal Gyrus 9 −0.067 −1.533 0.164

Hippocampus 66 −0.030 −1.089 0.280

Fusiform Gyrus 5 0.004 0.088 0.934

Planum Temporale 13 0.025 0.480 0.640

Insula 5 −0.092 −0.981 0.382

Caudate Nucleus 22 −0.003 −0.187 0.853

Note. One-sample t-test conducted on difference in exponentiated ratios of group standard deviations between left hemisphere and right 
hemisphere. Positive values indicate that left hemisphere volume shows larger group difference in variation than right hemisphere volume.
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