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Abstract

Context—Antipsychotic treatment is the first-line treatment option for schizophrenia. Individual
studies suggested they can significantly affect brain structure and account for progressive brain
changes observed during the illness.

Objectives—To quantitatively examine the effect of antipsychotics as compared to illness
related factors on progressive brain changes in schizophrenia.

Data sources—Electronic databases were searched until April 2012. All magnetic resonance
imaging studies reporting progressive brain changes in schizophrenia subjects and antipsychotic
exposure were retrieved.

Study selection—30 longitudinal MRI studies with antipsychotic administration in
schizophrenia patients met the inclusion criteria.

Data extraction—Brain volumes before and after antipsychotic exposure, duration of illness,
severity of psychotic symptoms as well as demographic, clinical, and methodological variables
were extracted from each publication, or obtained directly from its authors.

Data synthesis—The overall sample was of 1046 schizophrenia patients and 780 controls for a
median duration of follow-up of 72.4 weeks. At baseline, patients showed significant whole brain
volume reductions and enlarged lateral ventricle (LV) volumes compared to controls. No baseline
volumetric abnormalities were detected in the gray matter volumes (GMV), white matter volumes,
cerebrospinal fluid and caudate nucleus. Longitudinally, there were progressive GMV decreases
and LV enlargements in patients but not in controls. The GMV decreases were inversely
correlated with cumulative exposure to antipsychotic treatments, while no effects were observed
for duration of illness or illness severity.
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Conclusions—Schizophrenia is characterized by progressive gray matter volume decreases and
lateral ventricular volume increases. Some of these neuroanatomical alterations may be associated
with antipsychotic treatment.
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1. Introduction

Antipsychotic medication is the mainstay of effective management of schizophrenia. The
first-generation ‘conventional’ antipsychotic drugs are predominantly antagonists of
dopamine D2 receptors, and are effective against most positive symptoms, but have high
rates of extrapyramidal side effects (Miyamoto et al., 2005). The second-generation or
‘atypical’ antipsychotics differ from previous antipsychotic agents in their lower affinity for
dopamine- and other neuro-receptors (5-HT2A, adrenergic, acetylcholine, and histamine
receptors) (Leucht et al., 2009, Kendall, 2011) with a reduced profile of extrapyramidal side-
effects (Miyamoto et al., 2005) but with comparable rates of adverse events such as sedation
and weight gain (Leucht et al., 2009). Despite these pharmacodynamic differences, all
antipsychotics cross the brain-blood barrier to target receptors distributed in the brain, with
a clinical efficacy starting in the first days of treatment and accumulating over time (Agid et
al., 2003a). The effect of antipsychotics on brain function starts immediately and can be
detected after a single dose using molecular imaging techniques (Handley et al., 2012).
There is recent evidence indicating rapid structural remodeling and short-term neural
plasticity with acute D2 receptor blockade (Tost et al., 2010). The reversibility of these
findings and their clinical meaning, in particular in relation to the long-term outcomes of
schizophrenia are unknown (Schaufelberger et al., 2011). However, they provide converging
evidence that antipsychotic treatment, even acutely, can significantly impact brain structure
and function. This can be particularly relevant to the longitudinal course of the illness and
partially account for the observed dynamic brain changes associated with the disorder (Ho et
al., 2011). A number of longitudinal structural Magnetic Resonance Imaging (MRI) studies
have found progressive brain changes in adults with schizophrenia during the initial years
after the onset of the illness (Hulshoff Pol and Kahn, 2008, Kempton et al., 2010). The
extent of progressive brain tissue decrease in patients (—0.5% per year) has been estimated
as twice that of healthy controls (-0.2% per year) (Hulshoff Pol and Kahn, 2008). These
progressive brain changes have been associated with poorer clinical outcomes (Ho et al.,
2003; Cahn et al., 2006; van Haren et al., 2008), more negative symptoms, and a decline in
neuropsychological performance, although not consistently (van Haren et al., 2003).
Currently, it is not clear when these structural brain changes occur and how they develop
over time. However, studying individuals at clinical high risk of developing psychosis
(Fusar-Poli et al., 2012a) has allowed the investigation of structural brain alterations before
the onset of the illness. MRI studies addressing structural alterations in individuals at
enhanced risk for psychosis have been recently summarized, confirming that some
abnormalities are already present during the prodromal phase (Fusar-Poli et al., 2011) and
may be predictive of later transition to psychosis (Smieskova et al., 2010). Despite evidence
suggesting early brain changes in psychosis, the specific role played by antipsychotic
treatment is strongly debated. Some studies have indicated that higher cumulative dose of
antipsychotic medication intake is not associated with brain volume changes, and may even
be associated with less prominent volumetric changes (Hulshoff Pol and Kahn, 2008).
Conversely, recent investigations in first-episode patients showed increased antipsychotic
exposure was associated with brain volume reduction (Ho et al., 2011); and that this
association was stronger than illness-related effects. In addition studies from other groups
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have indicated a differential protective effect of atypical vs. typical antipsychotic on brain
volume changes in schizophrenia (Miyamoto et al., 2005).

Besides the potential effect of antipsychotics on brain structure, other factors should be
considered when discussing progressive brain changes in schizophrenia. Two commonly
investigated clinical variables in the imaging literature are duration of illness (DOI) and
severity of illness. A plethora of imaging data are now available at different stages of the
illness (Olabi et al., 2011) and a recent voxel-based meta-analysis has directly tested the
hypothesis that patients with chronic schizophrenia have more extensive brain abnormalities
observed in the same regions as non-psychotic relatives, subjects at high risk for psychosis
and first-episode samples (Chan et al., 2009). Subtraction analyses between these groups
confirmed that gray matter abnormalities observed in the prodromal phases of schizophrenia
become more extensive through first-episode and chronic illness, confirming the significant
role played by illness duration on imaging results (Chan et al., 2009). Severity of signs and
symptoms is also associated with different brain alterations in schizophrenia. For example
MRI studies conducted in antipsychotic-naive subjects reported negative correlations
between positive psychotic symptoms and volumes of temporal areas, and between negative
symptoms and volume of fronto-cerebellar areas (Venkatasubramanian, 2010). In particular
the association between gray matter reductions in the temporal areas and severity of auditory
hallucinations has been confirmed in several MRI studies as well as in extensive voxel-
based meta-analyses (Modinos et al., 2012).

Given the above three confounders, the available qualitative reviews addressing progressive
brain changes in schizophrenia have yielded inconclusive results (Vita and De Peri, 2007;
Navari and Dazzan, 2009; Smieskova et al., 2009; Moncrieff and Leo, 2010). There are no
studies investigating the consistency and magnitude of progressive volumetric changes in
schizophrenia in a quantitative meta-analysis, controlling at the same time for the above
confounders. In the present study we first sought to examine at a meta-analytical level
whether schizophrenia is characterized by progressive brain changes as compared to healthy
controls. We then aimed to investigate the effect of potential moderators affecting brain
structure such as illness duration, illness severity, and antipsychotic treatment.

2. Methods

The details of the research protocol are appended in the supplementary protocol (S1).

2.1. Selection procedures

2.1.1. Search strategies—A systematic search strategy was used to identify relevant
studies. Three independent researchers (RS, PFP, SB) conducted a three-step literature
search. First, a PubMed and Embase search was performed to identify putative longitudinal
MRI studies in schizophrenia. The search was conducted up to end of April 2012, with no
time span specified for date of publication. The following search terms were used: “MRI”
OR “neuroimaging” AND “schizophrenia” AND *“antipsychotic” AND “longitudinal” NOT
“review”. In a second step the reference lists of the articles included in the review were
manually checked for any studies not identified by the computerized literature search. In the
final step, 5 journals with the highest impact factor in the field of psychiatry were
additionally searched for potential articles of interests. There was no language restriction,
although all the included papers were in English.

2.1.2. Selection criteria—Studies were included if they met the following criteria: (a)
were reported in an original paper in a peer-reviewed journal, (b) had involved subjects with
DSM-1V, DSM-I1I-R or ICD-10 schizophrenia (c) had employed volumetric MRI in a
longitudinal design (baseline/follow-up study); (d) had evaluated relative contributions of at
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least one potential moderator (illness duration, antipsychotic treatment, illness severity) of
brain volume change. The latter was defined as cumulative exposure of antipsychotics
during the inter-scan interval and computed as chlorpromazine equivalents (Ho et al., 2011)
(see S1 paragraph 9). When standardized diagnosis of psychotic subjects was not clearly
defined, the study was excluded. Voxel Based Morphometry (VBM), Cortical Pattern
Matching, Diffusion Tensor Imaging, Tractography or other techniques that do not report
absolute brain volumes were not included. When there were two or more studies from the
same center we contacted the authors to clarify whether there was overlap in the respective
samples (if several articles dealt with the same population, we selected the article with the
largest sample). When studies did not report data to compute the chlorpromazine equivalents
or other significant data we carefully contacted the respective authors to collect the
individual scores and avoid biases in the literature search.

2.1.3. Recorded variables—The variables recorded from each article included in the
meta-analysis were: sample size, year of publication, gender (proportion of females), mean
age of participants, duration of follow-up, duration of illness, type of antipsychotic
treatment, daily dose of antipsychotic at the follow-up MRI (chlorpromazine equivalents),
previous exposure to antipsychotics, brain volumes (see below), severity of psychotic
symptoms (see below). To achieve a high standard of reporting we have adopted ‘Preferred
Reporting Items for Systematic Reviews and Meta-Analyses’ (PRISMA) guidelines (Moher
et al., 2009) (see Fig. 1).

2.1.4. Extraction and standardization of psychometric rating scales—There are
several scales to measure psychotic symptoms used in studies with schizophrenia patients.
Most commonly the Positive and Negative Symptom Scale (PANSS), and the Brief
Psychiatric Rating Scale (BPRS), Scale for Assessment of Positive Symptoms (SAPS), and
Scale for Assessment of Negative Symptoms (SANS) have been used. There is high
correlation among both positive and negative scale totals across these tools (Leucht et al.,
2006) with good inter-rater and test-retest reliability (Lyne et al., 2012). We extracted total
PANSS, BPRS and SAPS + SANS scores from included studies. Each item of the SAPS and
SANS is rated on a six point scale (0-5) and BPRS and PANSS on a seven point scale (1-7).
Extracted total scores were transformed to a total score with a baseline of zero, in line with
previous studies (Sherwood et al., 2006)(see S1). To investigate the baseline psychotic
symptoms in included studies we calculated mean per-item score by dividing the total score
by 30 in PANSS, by 18 in BPRS and by 50 in SAPS + SANS. All included studies reported
improvement on psychometric score during follow-up and we calculated it as percentage of
baseline per-item score (Agid et al., 2003b). The details of clinical variables used in the
meta-analysis are described in the supplementary material S1, paragraph 8.

2.1.5. Quality assessment—The quality of the studies was assessed using an item-
checklist constructed specifically for the review and similar to the previously published
quality assessment (Paulson and Bazemore, 2010). The recorded variables were assessed in
terms of precision, directness and consistency of the data. The categories scored in the
quality assessment are listed in the table S2 with the range min 0 and max 2 points. The code
of the range was developed a priori and modified after the first run of quality assessment
(see S1). The disagreements were discussed between the authors and the consensus was put
in the table. Quality assessment was conducted in the following categories: (1) study design
—random blind, open or case—control, the role of the funding and sample size; (2)
demographic and clinical characteristics — clearly reported inclusion and exclusion criteria,
substance abuse, included control group, gender, race, 1Q, duration of the illness and
previous antipsychotic medication; (3) results — reported drop-out rates, psychopathological
ratings, statistical thresholds, ROI reliability. The included studies were rated according to
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the sum of the points and characterized as high quality (above 80% of the maximal sum of
points), moderate-high (60-79%), moderate (40-59%), moderate-low (20-39%), and low
quality studies (below 19%)(see more details in Tables S2 and S3).

2.2. Statistical analysis

Data were entered into an electronic database and analyzed with a quantitative meta-
analytical approach using Comprehensive Meta-Analysis (CMA) Software version 2
(Biostat, Inc., Englewood, NJ, USA). CMA software employs the same computational
algorithms used by the Cochrane collaborators to weight studies by the inverse variance
method (Borenstein et al., 2005). The primary effect size measure was the difference in
brain volumes between patients and controls at baseline and at the end of follow-up (see S1).
Meta-analyses were conducted when at least three studies reported the volume of a common
brain region. We were thus able to analyze the following regions: gray matter volume
(GMV), white matter volume (WMV), cerebrospinal fluid (CSF) and whole brain volume
(WBYV) as a sum of gray matter plus white matter volume (Courchesne et al., 2000). Most
included studies reported volumetric data (WBYV and/or GMV and/or WMYV) including the
volume of cerebellum. For studies where global volumes did not include cerebellar volume,
we either present the data received directly from the author (van Haren et al., 2008) or
marked them if the authors did not respond (Sporn et al., 2003; Takahashi et al., 2009;
Boonstra et al., 2011; Ho et al., 2011) (Table 1) and adjusted our analysis accordingly
(sensitivity analysis, see below). We also analyzed lateral ventricle volumes (LV) and the
caudate nuclei volumes (Cd), defined as the sum of the left and right nuclei caudate. After
completing a meta-analysis of progressive brain changes in patients and controls (at baseline
and follow-up) we specifically tested the effect of putative moderator factors: cumulative
antipsychotic exposure, duration of illness and illness severity.

The effect size was estimated by calculating Hedges’ unbiased g. For the cross-sectional
analysis, negative values reflected less gray matter volumes in the patients as compared to
healthy controls. For the longitudinal analysis, negative values reflected brain volumes
reductions at follow-up as compared to baseline. To limit risk of false positive (type I) errors
arising from multiple comparisons we adjusted p < 0.05 by dividing a with the number of
meta-analyses conducted. The Q statistic was used to determine between-group differences.
To determine whether categorical factors (i.e. substance abuse) modified the progressive
brain changes, subgroup analyses were performed (Paulson and Bazemore, 2010). The
influence of continuous moderator variables (antipsychotic exposure, duration of illness and
illness severity and study duration) was tested using meta-regression analyses. Meta-
regressions (fixed effect models) were performed when at least seven independent studies
were available for the outcome of interest. The slope of meta-regression (B-coefficient:
direct (+) or inverse (-)) of the regression line indicates the strength of a relationship
between moderator and outcome. The confounding effect of potential outliers on the meta-
regression was controlled with the Cook’s distance test (Cook and Weisberg, 1982).

Heterogeneity among study point estimates was assessed with the Q statistic (Paulson and
Bazemore, 2010) with magnitude of heterogeneity being evaluated with the 12 index (Lipsey
and Wilson, 2000). For homogeneous data, we calculated the global effect size, using a
fixed effect model. In the absence of significant heterogeneity, the use of a fixed effect
model is legitimate and may provide greater statistical power than the random effect model
(Szoke et al., 2008). For heterogeneous data we employed random effects models which are
more conservative than fixed-effect models, and appear to better address heterogeneity
between studies and study populations, allowing for greater flexibility in parsing effect size
variability (Cooper et al., 2009). Studies with negative results are less likely to be published
than studies with statistically significant results. The possibility of small publication biases
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in the present study was examined by visually inspecting funnel plots and applying the
regression intercept of Egger et al. (1997). In this way we assessed whether there was a
tendency for selective publication of studies based on the nature and direction of their
results. In addition, we used the fail-safe procedure (Orwin, 1983), to generate a number of
unpublished studies that would be needed to move estimates to a non significant threshold.
In case of publication bias we adopted the “trim and fill’ method, which aims both to
identify and correct for funnel plot asymmetry arising from publication bias (Duval and
Tweedie, 2000). To assess the robustness of the results, we performed sensitivity analyses
by sequentially removing each study and rerunning the analysis. We also conducted a
separate analysis excluding studies with quality ratings in the lowest third to determine if
potential methodological weaknesses influenced meta-analytic estimates. Finally we
conducted a sensitivity analysis excluding the studies that had not included cerebellar
volumes.

3.1. Database

The initial literature search uncovered 116 potential studies. Out of the 65 full-text assessed
studies, 35 did not meet inclusion criteria and were excluded. The final database comprised
30 original independent studies published between 1994 and 2012. The overall sample was
of 1046 schizophrenia patients and 780 controls for a median duration of follow-up of 72.4
weeks (range 4-520). The details of the literature search are described in the PRISMA
flowchart, while the characteristics of the included and excluded studies are detailed in
Table 1 and supplementary material S4 respectively.

3.2. Baseline differences in brain volumes

After correcting for multiple comparisons, we found significant baseline volumetric
differences in the WBYV, with patients showing reduced volumes as compared to controls (p
=0.002, Table 2). Conversely, patients showed enlarged LV volumes as compared to
controls (p < 0.001). There were trend-level differences in the reduced GMV, which
however did not survive correction for multiple comparisons. Increased cerebrospinal fluid
was observed in patients but this occurred in the presence of publication bias (see below).
There were no significant baseline differences in WMV or caudate nucleus (Cd) volume.

3.3. Longitudinal difference in brain volumes

When WBYV at the end of the follow-up was compared with the baseline values, there was an
overall decrease, which however was not statistically significant for both the patient (p =
0.339) and control (p = 0.333) groups (between groups difference p = 0.923, Table 3).
Similarly, there were non-significant volume decreases in the Cd for both patients (p =
0.913) and controls (p = 0.160) groups (between groups difference p = 0.318).

Significant longitudinal volumetric changes were observed in the GMV and LV. The first
showed significant volumetric decreases in patients (p = 0.002) but not in controls (p =
0.094). The differences in the patient group survived correction for multiple comparisons.
There was a significant between group differences in longitudinal GMV changes (Q = 5.974,
p = 0.044; Table 3). There were significant LV increases in the patient (p = 0.002) but not in
the control group (p = 0.102). The differences in the patient group survived correction for
multiple comparisons and a significant between-group difference was detected (Q = 9.566, p
=0.029, Table 3).

WMV and CSF showed non-significant increases at follow-up as compared to baseline
across both patients (WMV p =0.998, CSF p = 0.970) and control (WMV p = 0.108, CSF p
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= 0.391) groups (WMV between groups differences p = 0.262, CSF between groups
differences p = 0.185).

3.4. Effects of moderators

The details of antipsychotic treatment, symptoms severity, and duration of illness are given
in supplementary Tables S5 and S6). Meta regression analyses for the selected moderators
(cumulative exposure to antipsychotic medication during follow-up time, psychotic
symptoms change over follow-up and duration of illness) were tested for both GMV and LV
changes in the patient group. Longitudinal GMV decreases in patients were associated with
higher cumulative exposure to antipsychotic over time (n of studies = 8 (Sporn et al., 2003;
Lieberman et al., 2005; Molina et al., 2005; Crespo-Facorro et al., 2008; van Haren et al.,
2008; Boonstra et al., 2011; Ho et al., 2011; Arango et al., 2012), sample = 629
schizophrenia subjects, p = —0.013, CI 95% from —0.033 to —0.001, Q = 8.598, p = 0.048,
Fig. 2a) but not with psychotic symptoms change (n of studies = 7 (Sporn et al., 2003;
Lieberman et al., 2005; Molina et al., 2005; Crespo-Facorro et al., 2008; van Haren et al.,
2008; Reig et al., 2009; Arango et al., 2012), sample = 418 schizophrenia subjects, p > 0.05,
Fig. 2b) or DOI (n of studies = 9 (Sporn et al., 2003; Lieberman et al., 2005; Molina et al.,
2005; Crespo-Facorro et al., 2008; van Haren et al., 2008; Reig et al., 2009; Boonstra et al.,
2011; Ho et al., 2011; Arango et al., 2012), sample = 645 schizophrenia subjects, p > 0.05,
Fig. 2c). Longitudinal LV changes in patients were not associated with cumulative exposure
to antipsychotics (n of studies = 10 (Chakos et al., 1994; Frazier et al., 1996; Puri et al.,
2001; Saijo et al., 2001; Ho et al., 2003; Sporn et al., 2003; Lieberman et al., 2005;
Nakamura et al., 2007; van Haren et al., 2008; Boonstra et al., 2011), sample = 533
schizophrenia subjects, p < 0.05) or DOI (n of studies = 11 (Frazier et al., 1996; Puri et al.,
2001; Saijo et al., 2001; Ho et al., 2003; Sporn et al., 2003; DeL.isi et al., 2004; Lieberman et
al., 2005; Whitworth et al., 2005; Nakamura et al., 2007; van Haren et al., 2008; Boonstra et
al., 2011), sample = 542 schizophrenia patients, p > 0.05, Fig. 3). Because of missing data (n
of studies <7) it was not possible to conduct a meta-regression between LV changes and
psychotic symptoms changes in patients. There was no significant confounding effect for
study duration on the longitudinal GMV changes ( = —0.0006, CI 95% from —0.001 to
0.001, Z=-1.772, p = 0.096). Although studies with a longer duration tended to detect
larger LV enlargements as compared to studies with a short follow-up, this effect was non
significant (3 = 0.001, CI 95% from —0.001 to 0.002, Z = 1.413, p = 0.158).

3.5. Publication bias, heterogeneity, sensitivity analysis

As also shown in Table 2, the fail-safe number in the baseline analysis surpassed the number
of actual studies by a factor 2.25 (GMV) up to a factor 4 (LV). Conversely, both the fail-safe
number and the Egger’s regression test indicated publication bias for CSF. Significance of
Hedge’s g did not survive after adjustment by the Trim and Fill method. Fail-safe numbers
were generally larger in the longitudinal analysis. Egger’s regression test did not indicate
publication bias here and significance of effect sizes did not change after adjustment by the
Trim and Fill method. Heterogeneity was low and non-significant in the cross-sectional
analysis. The presence of statistically significant heterogeneity of low magnitude in the
longitudinal analysis accounted for the exploratory investigations of potential moderator
factors. Quality analysis showed that most of the included studies were of high or moderate
quality (13.3% high and 73.3% moderate scores). Removing studies with quality ratings in
the lowest third did not affect the point estimates by more than 8.5%. The results of the
sensitivity analysis excluding studies that did not include cerebellar volumes, did not affect
the overall baseline meta-analytical estimates more than 7% (GMV: 7%, WMV 4%, WBV
6%).
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4. Discussion

The present meta-analysis investigated longitudinal gray matter changes in schizophrenia
addressing the impact of illness duration, severity of psychotic symptoms and antipsychotic
treatment. Thirty longitudinal MRI studies were included with final database of 1046
schizophrenia patients and 780 controls. At the baseline cross-sectional analysis, the patients
showed significant WBV reductions and enlarged LV volumes as compared to controls but
no abnormalities in GMV, WMV, CSF and Cd. Longitudinally, there were progressive
GMV decreases and LV enlargements in the schizophrenia group while no significant
changes were observed in control group. The higher the cumulative exposure to
antipsychotic treatment the greater the GMV decreases in the patient group over follow-up
time, while no significant effects were observed for illness duration or severity of symptoms.

Our systematic literature search uncovered a large database of 30 longitudinal MRI studies
with antipsychotic administration. The large sample size combined with the absence of
significant publication biases (except for CSF), low heterogeneity between studies, strict
quality control and careful sensitivity analysis yielded a robust meta-analytical approach.
We first conducted a cross-sectional analysis to address putative brain changes prior the
initiation of the longitudinal MRI studies. Patients compared to controls had reduced WBV
and enlarged LV with trend-level reductions in GMV, which did not survive multiple
comparisons. A recent meta-analysis has addressed the cross-sectional brain volume changes
in medicated schizophrenia patients; small to medium meta-analytical differences were
confirmed in WBV (effect size = -0.17), GMV (-0.43) and LV (0.45) (Haijma et al., 2012).
In line with these findings, our cross-sectional analysis detected similar small to medium
magnitude in the observed effect sizes: WBV (-0.25), GMV (-0.19), LV (0.31). However,
these findings are based on cross-sectional designs and thus it is not possible to establish
whether these alterations are secondary to previous antipsychotic treatments, illness duration
or illness severity or a mixture of these or other confounding factors. Furthermore, as
moderate atrophy of gray matter structures has been observed during normal aging (Long et
al., 2012) it is not clear whether similar dynamic alterations occur in healthy individuals.

To address these caveats we have conducted a meta-analytical comparison of WMV, GMV,
CSF, WBV, LV, and Cd volumes from longitudinal studies in patients with schizophrenia
vs. controls. We found progressive GMV reductions and LV enlargements in schizophrenia
patients but not in healthy controls. Previous evidence has indicated that the annualized
percentage volume changes in schizophrenia were —0.59% for GMV, and +0.36% for LV
(Olabi et al., 2011). The overall effect sizes for our longitudinal LV increases over follow-up
time were small to medium: 0.21 in patients and 0.13 in controls. LV increases
(approximately 130% the size of normal controls (Wright et al., 2000)) are the earliest
(identified by CT imaging in 1976) (Johnstone et al., 1976) and the most consistent
volumetric abnormalities reported in schizophrenia (Kempton et al., 2010), in up to 66% of
available studies (Sayo et al., 2012). We found no modulating effect of antipsychotic
treatment or illness duration on progressive LV increases. Previous works suggested that LV
enlargement is globally interrelated with GMV diminution (Horga et al., 2011). In line with
this hypothesis we also uncovered longitudinal GMV reductions. Overall the effect size for
the longitudinal GMV decreases over follow-up time was again small to medium: -0.25 and
in the patient and —0.14 in the control group. Interestingly, the magnitude of progressive
GMV decreases was very close to that observed for LV increases, in line with the hypothesis
that progressive cortical shrinkage over time might largely explain LV increases. To test that
there was a pathological difference in the longitudinal progression of brain changes we
compared the magnitude of changes between the patient and control group. The between-
groups difference in GMV and LV was statistically significant, indicating that the
schizophrenia patients, compared to matched healthy controls, showed pathological
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progressive GMV decreases and LV increases. However, it is important to note that the lack
of significant progressive changes in controls may be a matter of power and variability in
included groups. Similarly, our group-level analysis cannot exclude that the observed
pathological changes can occur only in a subset of schizophrenia patients (Andreasen et al.,
2011).

Given the longitudinal design we then tested the potential effect of the above confounders in
the schizophrenia group: antipsychotic cumulative dose during the MRI study, overall
duration of illness, and changes of illness severity i.e. psychotic symptoms during the MRI
study. The core finding of the present meta-analysis is that longitudinal GMV decreases in
schizophrenia patients were associated with higher cumulative exposure to antipsychotic
over time, while no effects were observed for duration of illness and severity of symptoms.
To our best knowledge this is the first time there is meta-analytical longitudinal evidence for
a significant correlation of antipsychotic treatment and progressive GMV changes in a large
sample of schizophrenia subjects (n = 629). Our longitudinal result reinforces the previous
cross-sectional evidence indicating that GMV loss was more pronounced in patients using a
higher dose of antipsychotic medication (atypical but not typical) at time of scanning
(Haijma et al., 2012). The merit of our investigation is that rather than using the current dose
of antipsychotic medication we employed the cumulative exposure to antipsychotic
treatment during follow up, accounting for the exact duration of longitudinal exposure. Our
result of structural changes associated with antipsychotic treatment is in line with functional
findings indicating that antipsychotics influence neural activity in psychosis, even in the
short-term period (Fusar-Poli et al., 2007; Lui et al., 2010). The putative mechanism of
action of antipsychotics on GMV is unknown and can only be inferred in vivo from animal
studies. Chronic exposure of macaque monkeys to haloperidol or olanzapine was associated
with a 10-18% lower glial cell number in the gray matter (Konopaske et al., 2008). A recent
investigation tested the hypothesis that chronic treatment with antipsychotic drugs is
associated with a decrease in brain cortical volume, whereas treatment with mood stabilizers
is associated with an increase in cortical brain volume (Vernon et al., 2012). Chronic
haloperidol treatment induced decreases cortical GMV; in contrast, chronic lithium
treatment induced increases in GMV. Following drug withdrawal, haloperidol-induced
changes in brain volumes normalized (Vernon et al., 2012). However, some studies showed
GMV continues to decline in the same patients following discontinuation of antipsychotics
(Boonstra et al., 2011). Such a finding reinforces the hypothesis that schizophrenia may be
associated with progressive morphologic changes to which antipsychotic drugs may
contribute but are not the sole cause (Andreasen et al., 2011). However, the present meta-
analysis contradicts explanations that progressive brain losses are simply a correlate of poor
clinical outcome, for which antipsychotic medication is only considered any
epiphenomenon. In fact, in a recent multimodal voxel-based meta-analysis combining
functional and structural MRI studies we showed that anterior cingulate and insula were
influenced by exposure to antipsychotics: GMV abnormalities in these regions were
significantly more severe in medicated as compared to drug naive patients (Radua et al.,
2012). As GMV alterations were already observed in meta-analyses of antipsychotic-naive
first-episode subjects (Fusar-Poli et al., 2012c), as well as in subjects at high clinical risk for
psychosis (Fusar-Poli et al., 2011), antipsychotics may target regions of key pathology in
early psychosis, without necessarily causing these alterations (Radua et al., 2012).
Consequently, we speculate that progressive brain changes in schizophrenia may be related
to a combination of antipsychotic effects as well as iliness progression-reflected in
concurrent GMV reduction and LV enlargements (Horga et al., 2011). There are limitations
to consider in the present study. First, meta-analyses usually carry on the methodological
limitations of the individual studies included in their database. Older studies may be
characterized by small sample sizes and overall poor quality control (Shepherd et al., 2012).
When reporting whole brain volume some studies did and others did not included cerebellar
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volume in their data. We have controlled for this issue in our analysis. Importantly,
cerebellar volume tends to be conserved over disease progression showing no significant
differences over time (Andreasen et al., 2011) or are (not significantly) mirroring the pattern
of the cerebral GM volume (van Haren et al., 2008). We thus conclude that cerebellar
volume, remaining unchanged over time, is not contributing to the longitudinal brain
changes we detected. It is also important to note that we could not test the hypothesis that
the changes in brain volume are nonlinear (the biggest at the beginning of the illness), as
indicated by recent studies (Andreasen et al., 2011). Other methodological issues such as
potential role of different scanners used, their upgrades, and software used in calculating
brain volume change (de Bresser et al., 2011) could have influenced the results as well.
However, to address this potential problem we have conducted a careful quality assessment
and used the sum of scores in our analysis, uncovering no significant changes on the
principal point estimates. Nonetheless, the pattern of volumetric changes in the brain vary
with age: in young adults gray matter declines whilst white matter increases, while in older
adults these measures both decline with age. In addition aging has a differential effect on
regional brain in males and females (Good et al., 2001). These sources of variability were
not integrated in our analysis, but should be considered when interpreting our results.
Additionally, there are potential alternative factors that may account for the association
between brain volume and medication and which were difficult to control in our meta-
analysis. In particular, our approach to quantify moderator variables, (e.g. medication taken
during the follow-up period calculated in CPZ equivalents, or difficulty standardizing
symptom measures across different scales) were based on assumptions that could differ from
the ideal situation where raw individual patient data would be available to analyze. Another
limitation underlying volumetric MRI meta-analyses can be that the individual studies
usually rely on ROI approaches, which are manually traced. The manual tracing of ROIs, as
compared to automated methods such as VBM, can introduce significant heterogeneity in
the anatomical definition of brain areas introducing biases in significance of the results
reported. In general, ROI analyses can also be affected by publication biases: researchers
could perform several exploratory analyses but report only those which yielded significant
results (loannidis, 2011; Radua and Mataix-Cols, 2012). Additionally, because of limited
data available, we were unable to test all our research hypotheses. In particular we were
unable to test whether LV changes were longitudinally associated with psychopathological
i.e. PANSS changes in schizophrenia patients. Furthermore, we were unable to test the
correlation between antipsychotic treatment and DOI and consequently assess the
“independent” effects of antipsychotic treatment on brain volume changes. Finally, it is
important to note that association is not causation and thus our findings of significant GMV
decreases being correlated with cumulative exposure to antipsychotic treatments should be
interpreted cautiously. In particular, multifactorial association implicating several alternative
causal factors could potentially underlie our core findings. In other words, antipsychotic
treatment may not be the only factor associated to longitudinal GMV decreases in
schizophrenia. This is supported by progressive brain changes are already present before the
onset and may in particular occur during transition of psychosis in antipsychotic-naive
subjects (Pantelis et al., 2003; Borgwardt et al., 2008; Mechelli et al., 2011; Borgwardt et al.,
2012). Moreover, as we did not assess effects of conventional vs. atypical antipsychotics we
cannot comment on potential differential and modulating effects on progression
(Weinberger and McClure, 2002; Lieberman et al., 2005; Hulshoff Pol and Kahn, 2008).
Other potential confounders factors (Collin et al., 2012) such as the genetic modulation of
progressive brain changes (Andreasen et al., 2012) or the role played by early cognitive
deficits (Fusar-Poli et al., 2012b; Koutsouleris et al., 2012) or substance abuse (Rais et al.,
2008; Martin-Santos et al., 2010) on gray matter changes should become subject of
investigation by future original studies.
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5. Conclusions

Schizophrenia is characterized by progressive gray matter volume decreases and lateral
ventricular volume increases. Some of these neuroanatomical alterations may be correlated
with antipsychotic treatment.
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Refer to Web version on PubMed Central for supplementary material.
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Records identified through database searching and
other sources after exclusion of duplicates
(n=116)
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Records screened
(n=116) >

References not fulfilling
inclusion criteria
(n=51)

'

Full-text articles assessed
for eligibility
(n =65)

;

Studies included in
qualitative synthesis
(n=30)

Full-text articles excluded
(n=35:n =15 overlap; n=6
cross-sectional study; n=6
no relevant regions; n=4
VBM; n=4 methodological
reasons — cortical
thickness, density, maps,
cranial volume)

v

Studies included in
quantitative synthesis
(meta-analysis)
(n=12WBV; n=9 GMV;
n=8 WMV, n=12 LV; n= 13
Cd)

Fig. 1.

PRISMA Flow Diagram of literature search. All full-text excluded studies together with the
reason why they were excluded are listed in the supplementary Table 3. Abbreviations: Cd,
caudate nucleus; CSF, cerebrospinal fluid; GMV, gray matter volume; LV, lateral ventricles;
VBM, voxel-based morphometry; WBV, whole brain volume; WMV, white matter volume.
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Fig. 2.

Meta-regression analysis: (a) progressive GMV changes and cumulative exposure to
antipsychotics (B = —0.013, CI 95% from —0.033 to —0.001, Q = 8.598, p = 0.048); (b)
progressive GMV changes and duration of illness (DOI, § = 0.001, Cl 95% from —0.001 to
0.001, p=0.653); (c) progressive GMV changes and psychotic symptoms change over
follow-up time (8 = 0.002, Cl 95% from —0.011 to 0.016, p = 0.732). The size of the circle
reflects the sample size of the study. Negative vaules on the y axis indicate brain volume
reductions at follow-up as compared to baseline. Cumulative exposure to antipsychotics unit
was defined in Chlorpromazine Equivalent per day (CPZ-EQ/d) multiplied by the duration
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of the medication treatment in days (for details see Supplementary material study protocol
para. 9). Change in psychotic symptom unit: percentage of baseline per item score (positive
values indicate improvement of symptoms at follow-up as compared to baseline; for details
see supplementary materials section 8).
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Fig. 3.

Meta-regression analysis showing no significant (p > 0.05) correlations between:
progressive LV volume changes and duration of iliness (DOI) within the schizophrenia
patients. The size of the circle reflects the sample size of the study. Positive values on the y
axis reflect brain volume increases at follow-up as compared to baseline.
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