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Although structural brain alterations in schizophrenia have
been demonstrated extensively, their quantitative distribution
has not been studied over the last 14 years despite advances
in neuroimaging. Moreover, a volumetric meta-analysis
has not been conducted in antipsychotic-naive patients.
Therefore, meta-analysis on cross-sectional volumetric
brain alterations in both medicated and antipsychotic-naive
patients was conducted. Three hundred seventeen studies
published from September 1, 1998 to January 1, 2012 com-
prising over 9000 patients were selected for meta-analysis,
including 33 studies in antipsychotic-naive patients. In addi-
tion to effect sizes, potential modifying factors such as dura-
tion of illness, sex composition, current antipsychotic dose,
and intelligence quotient matching status of participants
were extracted where available. In the sample of medicated
schizophrenia patients (n = 8327), intracranial and total
brain volume was significantly decreased by 2.0% (effect
size d = —0.17) and 2.6% (d = —0.30), respectively. Largest
effect sizes were observed for gray matter structures, with
effect sizes ranging from —0.22 to —0.58. In the sample of
antipsychotic-naive patients (n = 771), volume reductions in
caudate nucleus (d = —0.38) and thalamus (d = —0.68) were
more pronounced than in medicated patients. White matter
volume was decreased to a similar extent in both groups,
while gray matter loss was less extensive in antipsychotic-
naive patients. Gray matter reduction was associated with
longer duration of illness and higher dose of antipsychotic
medication at time of scanning. Therefore, brain loss in
schizophrenia is related to a combination of (early) neuro-
developmental processes—reflected in intracranial volume
reduction—as well as illness progression.
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Introduction

Since the seminal neuroimaging study by Johnstone
and colleagues,! brain abnormalities in schizophrenia
have been well established. Although multiple meta-
analyses—based on voxel-based morphometry (VBM)—
have identified gray matter deficits in schizophrenia,
especially in the frontal and temporal lobe, cingulate
and insular cortex, and the thalamus,>? the nature of
VBM studies does not allow for the estimation of effect
sizes. Remarkably, and in stark contrast to the topicality
of the recent meta-analyses on VBM studies, the last
general meta-analysis on volumetric Magnetic Resonance
Imaging (MRI) studies in schizophrenia that determined
effect sizes was published over a decade ago.® MRI
techniques have improved greatly since this last meta-
analysis in terms of field strength and corresponding
resolution. Moreover, the number of volumetric MRI
studies on schizophrenia has expanded greatly over
the last 10 years. Despite the relative abundance of
evidence for brain abnormalities in schizophrenia,
several important questions remain unanswered. First,
it is unclear to what extent brain volume alterations are
present before antipsychotic treatment is initiated: a
meta-analysis on brain volumes in antipsychotic-naive
schizophrenia patients has not been conducted. Such
analysis is particularly imperative in view of the current
debate on the effects of antipsychotics on structural
brain changes in schizophrenia.”® Second, the extent of
intracranial volume reduction in schizophrenia has not
been systematically reviewed since its reduction was
suggested in an early meta-analysis combining computed
tomography (CT) and MRI techniques.” Intracranial
volume is an important variable because a volume
reduction would suggest an early developmental cause
for (some) of the brain abnormalities in schizophrenia
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due to the fact that 90% of cranial volume is reached at
the age of 5 years.!” Third, the impact of factors such as
low intelligence quotient (IQ) and substance abuse on
brain volumes in schizophrenia has not been explored in a
meta-analysis. These aspects appear highly relevant given
the possibility that IQ decrements in schizophrenia''—in
view of the correlation between brain volume and 1Q'>—
explain (part of) the brain tissue loss in schizophrenia.
Similarly, substance abuse has been shown to affect brain
volume in schizophrenia.

The primary goal of the current meta-analysis was,
therefore, to establish to what extent structural brain
changes are present in various cerebral regions in
patients with schizophrenia by including volumetric
MRI studies from September 1998 until January 2012.
Moreover, we performed a separate meta-analysis on
volumetric MRI studies in antipsychotic-naive schizo-
phrenia patients published prior to January 2012 to
examine whether structural brain alterations are present
before treatment onset. We also explored the effect of
illness duration, sex, and use of antipsychotic medica-
tion at time of scanning by performing meta-regression.
Finally, we compared effect sizes for left- and right-
sided brain structures and investigated the impact of
differential matching with regard to IQ scores, current
substance abuse, and height.

Methods

Studies that applied MRI to compare brain volumes
between patients with schizophrenia and healthy controls
were included if they fulfilled all following criteria: (1) the
study was written in the English language, (2) the study
was published in print between August 1998 and January
2012, (3) patient samples contained at least 10 individuals,
(4) diagnosis was established according to the Diagnostic
and Statistical Manual of Mental Disorders (version I1I-R
or IV) or International Classification of Diseases (version
9 or 10) criteria, (5) patient and control samples were
matched with regard to age and sex, (6) patients with
other illnesses than schizophrenia (ie, schizophreniform
disorder, schizoaffective disorder or psychosis not oth-
erwise specified) did not account for more than 50% of
patient samples, (7) reported volumes represented vol-
umes instead of an area or a volume estimation by means
of an inadequate number of slices, and (8) sufficient data
were available in order to calculate effect sizes. Brain
regions were included when investigated by at least 10
independent study samples.

The same approach was applied to the meta-analysis on
antipsychotic-naive patients, with 2 additional inclusion
criteria: (1) patients were never exposed to antipsychotic
medication before being scanned, (2) articles published
before September 1998 were included as well. Because
considerably fewer studies on antipsychotic-naive
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patients were available, brain regions were included in
this analysis when studied in at least 5 independent study
samples. The key to a meta-analysis is defining an effect
size statistic capable of representing the quantitative
findings of a set of research studies in a standardized
form that permits meaningful comparison and analyses
across the studies.'" Therefore, for each region of inter-
est in each study, the effect size statistic Cohen’s d was
calculated. In this analysis, the mean volume of a spe-
cific brain structure for patients with schizophrenia was
subtracted from the mean volume for comparison sub-
jects and divided by the pooled SD of both. According
to Cohen, d values of 0.2 represent small effects, values
between 0.4 and 0.6 moderate effects, and d values of 0.8
or higher large effects.”” Effect sizes were determined for
all eligible brain regions in 2 different samples: a sample
of all studies investigating patients taking antipsychotic
medication and a sample of all studies investigating anti-
psychotic-naive patients with schizophrenia. By means
of the method described in the online supplementary
material, a second measure of effect size was used to cal-
culate a percent difference (ie, average weighted percent-
age difference in volume) between patient and control
groups.

The differences in pooled effect sizes between studies
that did and did not match for 1Q scores and height (for
intracranial volume) were calculated and compared by
application of a Welch’s 7 test. Similarly, studies explic-
itly stating to have excluded comorbid current substance
abuse were compared with studies including substance
abuse or without mentioning substance abuse as an exclu-
sion criterion. We used unrestricted maximum likelihood
weighted random-effects meta-regression on all samples
combined to evaluate the effect of mean illness dura-
tion, percentage males, dose of antipsychotic medication
(where possible subdivided in typical and atypical anti-
psychotics, see the online supplementary material), slice
thickness, year of publication, and the number of investi-
gated brain regions on effect sizes, on the condition that
at least 10 different study samples were available. In the
sensitivity analysis, the impact of excluding studies that
investigated schizophrenia-spectrum disorders, reported
relative instead of absolute volumes, applied voxel-based
morphometry or shared a control group on effect sizes
and heterogeneity was calculated and compared with the
combined sample by application of an independent ¢ test.
For further details on the applied methods, see the online
supplementary material.

Results

In total, over 100 different brain structures were
investigated in 352 eligible studies. Thirty-eight of these
brain structures fulfilled inclusion criteria, studied in 382
study samples derived from 317 studies.
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Table 1. Characteristics of the Medicated and Antipsychotic-Naive Study Samples

Medicated Sample

Antipsychotic-Naive Sample

Number of study samples (unique studies)

Number of patients/ controls

Age patients/controls (y)

Duration of illness (y)

Sex patients/controls (% male)

Current dose of antipsychotic medication'

Number of investigated brain regions

Magnetic field strength 1.5T (% of study samples)

Slice thickness in mm (range)

Segmentation on contiguous slices (% of study samples)>

347 (283) 35(33)

8327/8292 771/939
32.4(8.6)/32.1 (8.7) 28.0 (4.7)/27.4 (3.9)
10.0 (6.8) 3.1(2.5)

72.0/67.0% 64.8/60.6

413.7 (240.5) 0 (0)

5.4(6.1) 4.5(3.1)

87.8% 88.9%

0.82-5.5 1.0-5.0

96.4 95.5

Note: Data represent mean values (SD), unless indicated otherwise.

'Data represent chlorpromazine equivalents; data given for 164 study samples for the medicated sample.

2Data given for 225 and 23 study samples, respectively.
*P <.0001.

Meta-Analysis on Volumetric Brain Studies in
Medicated Patients With Schizophrenia

For specifications regarding the medicated sample, see
table 1. Patients showed a significantly higher proportion
of males as compared with controls (P < .0001). No
significant difference in age was observed. Details on the
283 contributing studies are given in online supplementary
material table 1. As shown in table 2, volumes of 33 of
38 included brain regions were significantly altered in
patients compared to controls: consistently decreased
in parenchymal brain tissue (except for globus pallidus,
which showed a volume increase) and increased in
cerebrospinal fluid (CSF) structures. The white matter
of the frontal and temporal lobe, total superior temporal
gyrus, caudate nucleus, and putamen volumes were not
significantly different compared with controls. Volume
alterations and specifications for the medicated sample
are given in table 2. Forest plots of all investigated brain
regions are given in online supplementary material
figure 1.

Meta-Analysis on Volumetric Brain Studies in
Antipsychotic-Naive Patients With Schizophrenia

Eight brain structures were studied in at least 5 inde-
pendent study samples and, thus, included in the
antipsychotic-naive analysis. Specifications on the anti-
psychotic-naive sample are given in table 1. Details on the
33 contributing studies are given in online supplemen-
tary material table 2. As shown in table 3, intracranial
(d = —0.14), total brain (d = —0.21), and total gray matter
volume (d = —0.36) were significantly decreased in anti-
psychotic-naive patients, yet somewhat less pronounced
than the reduction observed in medicated patients. Total
white matter volume reduction showed a similar effect
size to that observed in the medicated sample (4 = —0.18).
Volumes of the thalamus (d = —0.68; P = 8.3 x 10™)

and caudate nucleus (d = —0.38; P = 9.5 x 1077) showed
a more pronounced reduction in antipsychotic-naive
patients than in the medicated sample (see figure 1), even
when excluding 1 outlier for thalamus volume (see online
supplementary material figure 2). For other volume
alterations in the antipsychotic-naive sample, see table 3.
Figure 1 depicts the observed effect sizes in the medicated
and antipsychotic-naive samples. Forest plots of all inves-
tigated brain regions are given in online supplementary
material figure 2.

Exploration of Heterogeneity

In the analysis on the medicated sample, application of
Cochran’s Q test indicated significant heterogeneity in 21
studied regions (see table 2). As outlined in online sup-
plementary material table 3, factors such as illness dura-
tion, current use of antipsychotic medication, and sex did
show significant associations with certain brain regions,
partially explaining heterogeneity. Meta-regression on
slice thickness revealed that smaller slice thickness was
associated with larger effect sizes in a few subregions,
particularly the superior frontal gyrus. With a few excep-
tions, year of publication did not significantly influence
effect sizes.

In the analysis on antipsychotic-naive patients, sig-
nificant heterogeneity was only observed for the thala-
mus (P = 3.3 x 107% I' = 67%). In the sensitivity analysis,
exclusion of studies that partly included schizophrenia-
spectrum disorders, exclusion of the small minority of
studies that reported only relative instead of absolute
volumes, exclusion of VBM studies, or exclusion of the
few samples that shared a control group did not gener-
ally change the significance of findings presented above.
In addition, sensitivity analysis generally did not reduce
heterogeneity, with minor exceptions (see online supple-
mentary material table 4).

1131

220z 1snBny Lz uo 1senb Aq Z01.9261/6Z 1 L/S/6E/2101E/UNS|INGEIUSIYdOZIYOS/WOo" dNO"oIWaPEDE//:SAY WOl papeojumod


http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbs118/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbs118/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbs118/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbs118/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbs118/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbs118/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbs118/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbs118/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbs118/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbs118/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbs118/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbs118/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbs118/-/DC1

S. V. Haijma et al

Downloaded from https://academic.oup.com/schizophreniabulletin/article/39/5/1129/1926102 by guest on 21 August 2022

I9)eW AIYM A M Tonew AvI3 ‘IND
‘pmy reurdsorqardd ‘4S) seiq uonednqnd 10 1593 UorssaIdar s 10337 [ YH :seiq uonedrqnd I0j Ioquunu dJes-[1e] ‘NS4 Q0UdIdlIp a3e1udo1dd pajysom a8eIAR ‘MY 210N

(10°0- 03 0€°0-) ST°0— LL S1 €6¢ (900 ¥'6T S'I- S€0" (10°0— 03 0£°0-) ST°0— 9.9 9z, (L1)OT wn[[2qaId)
(05°00120°0)92°0 er 47 0vL G-0Ix€D6ES TS ¥€0° (0570012009270 €9 o1s (DI snpried snqorn
(00— 03 €5°0-) 6T°0— 8T’ ot 869 (0T *xSH) I'SE §6— L10" (S0°0— 03 €5°0-) 6T°0— 8LY oz (D)€l SUQUINOIE SNA[INN
(61°00161°0-) 200 96" I 0L9 (-0Ix07)8I8 VN ¥ (920031 L0°0-) 010 9001 0s6 (12 8¢ usweing
(LO'0OYH1°0-) €0°0— 4 0 1'8¢ (900 €Ly  VIN 0S" (L0'0OYH1°0-) €0°0— ¥SI1 1011 (82) S¢ snajonu sepne)
(91°0— 01 9¢°0-) 9C°0— St 08t S'IC €10 €€y v €= 601 xT1> (TTO-010¥'0-) 1€°0— ISET 8911  (87)s¢ snwefey L,
S2IN1dnIs ﬁmoﬁgo“uﬁzm
(L0'0— 03 L£0-) TTO- €¢ ¢l 00 Ly 9L LT— <0l %It (LO0O— 0} LE0-) TTO— 19¢ 6¢€ 86 IND 2qo] [e3dooQ
(900 01 9%°0-) 0T 0— 99 6C €SS (TT0'0) 6°'L1 S T— 01 x9°L (80°0— 0¥ S 0-) 1€°0— V4 $S€ (86 D 9qo] [ejorred
(F1°0- 03 79°0-) 8€°0— SL 911 0€9 G-0Ix08)TSE TS— +01xLT (0T0-93L90-) #+'0— 824 Siy (1D 1 B[nsu|
(60°0— 03 05°0-) 6T°0— or €C §e (€100 €91 L'L— 01 x¢¥ (60°0— 03 0S°0-) 620— 9¢¢ o (apal STIAS s [yoseH
(91°0— 03 89°0-) TH'0— €9’ Y01 789 0Ix06)TIY S6— 01 *xST (91°0— 01 89°0-) TH 0— Sov vy (FD bl orerodwe) wnued
(S€°0-03TL0-) €5°0— 43 (443 (% (F100)S°6T  T8— 601 xT> (IH'0—0315L°0-) 850~ 109 08s (b1 91 D ‘snIk3 [erodurdy sorradng
(100 03 65°0-) LT 0— €T o SIL (01 *x9DLSy VIN 860" (1070 036$°0-) LT 0— 90¥ v6¢  (CD¥1 18103 ‘SnIAS [erodwd) 1orradng
(61°0—0199°0-) ¢h'0— €T 96 9'CS (§200°0) 061 9'L— <01 xT1 (6T0-0Y9L0-) TS 0— €6¢ LEE (8) 01 JND ‘SNIAS uLIoyIsn,g
(#0°0 03 0£°0-) €£1°0— ¢ LS 6°€¢ (L0'0) 88T SP— 01 x1'C (60°0— 0} 6£°0-) +T 0— 89$ 196 (1) 0T sni£3 [edweooddmyereq
(T1'0— 01 8¢°0-) ST0— €’ 6t 6St -0Ix66)1TL 8v— 01 x5S (610-01¢H0-) [€0— 9811 6101 (b€ oF erep3iury
(LT0-019t°0-) 9€°0— 800" 989 €6 (0T X T>)S$69T  €9— 601 xT> (¥b0— 01090-) TS 0— ¥S9T  Ls¥T  (89) L8 sndwreooddrfy
(L1°0036T°0-) +0'0— SH0° 0 T09 (6100°0) LT VIN 69" (LT'003$T°0-)+0°0— 61§ 68y (@D I JNM 29O [eroda],
(92°0- 01 09°0-) €¥'0— 96° LT 8LS GO0I*xT16)9T I'v— ,-0I%x99 (9T°0—01090-) £v'0— 91L LIL (LD 6] D 2qO] [erodwa],
(80°0— 01 €€°0-) 0T 0— 8P’ S9 TEl (8T0)9°LT ST— +-01%x69 (60°0— 0} $€°0-) TT0— 98¢ w9 (00 st aqof [erodura,
2qoj rerodway,
(S0°0— 03 L£0-) 1T°0— s 9¢ ¥'6¢ (0v0°0) L'6T 0°€— 010" (S0°0— 01 L£0-) 10— 168 0ss  (sp 6l X31100 [BIUOIJONQIQ
(ST°0—0195°0-) 170~ SL % 00 (99°0)89 19— ,-0Ix6T (ST0-01950-) I+'0— SI¢ (443 (8) 01 SNIAT [BJUOIJ JOLIJU]
(L1°0- 03 8+°0-) TE0— 61’ 9T 00 8L Y9 Lt— «0IxT¢ (LT'0-038%0-) TE0— Y43 493 611 SIAS [e}U0IJ A[PPIA
(I1°0- 01 0t°0-) ST0— 69’ w 00 6001 Sh— 01 x 8T (91°0— 0} €4°0—) 6T°0— 49% (447 (4! snif3 [ejuoly orradng
(60°0— 01 96°0-) ¢E€'0— ¢ 1€ S (0£0°0)S81 19— «0IxT9 (60°0—03950-) TE0— yT€ 11€ (L) o1 SNIAT 9)R[NSUIO JOLI)SO
(61°0- 03 #+°0-) T€0— 08 %33 9'6¢ 9100 €9r 86— 501 xS (TTO-0319%°0-) vE 0— €L6 96  (€2) 6¢ SIIAS 91B[NSUIO JOLIUY
(T1°0- 01 9¢°0-) ¥T'0— 6€0° 96 00 (S80+9 8v— 0l x0T (91°0— 0¥ TH0-) 6T0— 12574 s anal NM [eruo1ja1d
(1€°0— 03 85°0-) v¥'0— 43 €61 091 (LTO)6'LT 19— 01 xT> (1£0—03850-) v¥'0— 09 659  (¥1) 91 D [eIUOIjaI]
(#0°0 03 0£°0-) €£1°0— ST 0 (434 (0€0°0) S'ST  VIN 1" (#0°0 03 0€°0-) €1°0— 9tS 90s (11 SI JAM 9qO[ [eIu01]
(F€°0- 01 +9°0-) 6¥°0— LEO S6¢C 1'6€ (0S0) €97 8F%— 01 x 1> ($€0— 01 $9°0-) 6+ 0— SL9 €19 (€D LI JND 2qO[ [ejuor]
u@g EHGOH&
(19°0 01 0%°0) 15°0 90’ 128 00 (8L)S'8T  S¥E 01 X1 > (0L°00305°0) 09°0 €LL 0zs  (02) st 9[OLIJUAA PIIY,
(€5°001+€°0) €470 o 2991 §'se (90) #09  L9T 401 x> (#S°0 01 LE'0) S¥°0 8661 S6ST (P9 9p SO[OLIJUSA [BI0)R]
(07001 12°0) 9€°0 9 9T¢ €€9 (0T*x9€) 668 L8 o-0IxTT (07001 17°0) 9€°0 Y811 Wit (LD ¥E ASD 1e10L
($0°0— 03 61°0-) IT°0— 8¢’ 66€ TlIe (8L0)1°9L 81— 4-0Ix1'C (01°0—03$T°0-) LT°0— €91 L00T  (6¥) 19 19))e UM [BI0],
(0€°0- 03 96°0-) €¥°0— e 9¢1 00 (TS 0€l  8p— 601 x 1> (0£0-01950-) €v0— 6P sev  (TDSI JIayew Ae1g [BO1I0D)
(6T°0— 03 84°0-) 6£°0— LT0°  LE9E s (L£00) 096  €¥— 601 xT> (10— 03 LS0-) 6¥°0— 91¢z o010z (0S) €9 Iapewr Kels 810,
(L1°0- 03 62°0-) €T0— 110" I€L¥ 1'9C (TI10) #'SST 9T 601 x T > (ST'0— 03 9¢°0-) 0€°0— v68€  L¥SE  (S6) 611 owIN[oA UTRIq [BIO],
(S0°0— 03 81°0-) CI'0— ST 9Tl 861 (€P0) ¥'EET 0T— 601 x T > (TI'0— 0¥ €T0-) LT°0— wWse 19v¢  (16) 801 SUWIN[OA [BIUBIORIIU]
(ID %S6) (eneA  NSA (% ur (enrep o ur P 103 (ID %S6) p S.UdY0D) dZIS S[01jU0) sjusned (SIIpmis) 2INONIS UreI [RINE[IG

p suayo) pasnlpy o) 194 Xopu[) ;I d) O SUBIYO0D) MV AN[BA J  I09H PAIYSIOM ULSIA Jjo Jo  sojduwreg

[ pue wiriy, Joquuny IaqunN Jo

IaqunyN

sjoryuo)) pue eruaIydoziyos YA\ SIUSEd PIIESIPIJA Uodamlag soWn|oA urerq jo uosuredwo)) g dqel

1132



Table 3. Comparison of Brain Volumes Between Antipsychotic-Naive Patients With Schizophrenia and Controls

ERT (P
FSN  Value)

12 (Index
in %)
9.9

0.0

Cochran’s Q
(P Value)

P Value
for d
041

Number of Number of Mean Weighted Effect Size

Patients
414

Numbers of

AWD in %

Cohen’s d (95% CI)

Controls

575
490
292

Samples (Studies)

17(17)
15 (15)

10 (10)

Bilateral Brain Structure

.82
5

17.8 (.34)
8.9 (.84)
7.7 (.56)
6.8 (.66)
8.6 (.20)

2.4(.93)

~0.14 (—0.28 to —0.01)

Intracranial volume
Total brain volume
Total gray matter

20
28

-2.0

3.0x 1073

~0.21 (=0.35 to —0.07)
~0.36 (~0.53 to —0.18)

364
238

.58

0.0

-3.8

6.6 x 107°
.042
011

.58

.81
.56
12

10
34
60

0.0
30.1
0.0

213 (33 x 107%) 67.2

2
-4.3
-9.6

I =

7.6 x 107°
83x 107

~0.18 (=0.36 to —0.01)

0.31 (0.07 to 0.55)
~0.43 (-0.63 to —0.24)

~0.68 (—1.08 to —0.28)
~0.38 (~0.54 to —0.23)

92
286
251

60

238
182
194
152

10 (10)
7(7)

8(8)
8(7)

Total white matter

Total CSF
Hippocampus

Thalamus

22

62

0.0

8.3 (.60)

=59

9.5x 1077

422

299

11 (10)

Caudate nucleus

Note: AWD, average weighted percentage difference; FSN, fail-safe number for publication bias; ERT, Egger’s regression test for publication bias; CSF, cerebrospinal fluid.

Meta-Analysis of Brain Volumes in Schizophrenia

Meta-Regression, Differential Matching and
Asymmetry

For complete results of meta-regression, see online
supplementary material table 3.

Duration of Illness. Total gray matter showed larger
volume reductions with advancing duration of illness
(see figure 2). The only gray matter subregion sharing this
association with increasing illness duration was the pre-
frontal region, whereas meta-regression on several more
posterior gray matter regions (superior temporal gyrus,
Heschl’s gyrus, and parietal lobe) indicated attenuated
volume reductions with advancing illness duration.

Current Dose of Antipsychotic Medication. Total gray
matter loss was more pronounced in patients using a higher
dose of antipsychotic medication at time of scanning (see
figure 2). This association was significant only for atypical
antipsychotics. Dose at time of scanning was significantly
correlated with duration of illness (r = .67; P < .001). Total
brain volume showed larger reductions with higher dose
of antipsychotic medication at time of scanning as well,
with significant associations for both typical and atypical
antipsychotic medication. For total white matter, no asso-
ciation with dose of antipsychotic medication at time of
scanning was observed. Higher dose of antipsychotic med-
ication was associated with volume increase of the caudate
nucleus, an effect observed only for atypical antipsychotics.

Sex. Sex did not affect effect sizes, with 1 major excep-
tion: Reductions in intracranial volume were associated
with male sex.

Intelligence Quotient. We investigated whether volume
differences could be observed between studies that did or
did not match for IQ scores between patients and con-
trols. Approximately 25% of studies provided informa-
tion regarding 1Q. As displayed in online supplementary
material table 5, only trends were observed toward larger
reductions in intracranial and total gray matter volume
in studies with significantly lower 1Q scores for patients
compared with controls, and a nonsignificant trend in the
opposite direction for the hippocampus.

Current Substance Abuse.  Effect sizes from studies explic-
itly excluding subjects because of current substance abuse
were not significantly different for any of the brain struc-
tures compared with studies that did not mention current
substance abuse as exclusion criterion. Remarkably, the
trend for volume reductions pointed toward larger effect
sizes in studies excluding for current substance abuse (see
online supplementary material table 6).

Height. Study samples that matched for height (n = 14)
showed an effect size of —0.13 (P = .018) for intracranial
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Comparison of Effect Sizes Between Medicated and Antipsychotic-Naive Patients With Schizophrenia

Icv T8V GM WM
N=108 N=17 N=119 N=15 N=63 N=10

0
02

12

O Medicated

N=61 N=10

Mean (95% CIl) combined effect size
o
b

® Antipsychotic naive

Hippocampus Thalamus

Caudate nucleus
N=87 N=8 =]

Fig. 1. The numbers of included studies are indicated for each brain region (N). Abbreviations: ICV, intracranial volume; TBYV, total
brain volume; GM, total gray matter volume; WM, total white matter volume; CSF, total cerebrospinal fluid volume.

Meta-Regression on Effect Sizes of Gray Matter for Duration of lliness
(Panel A; N=61) and Dose of Antipsychotic Medication at Time of
Scanning (Panel B; N=41)

Total gray matter volume
rve.

¥y =0.0184x - 0.340
P=0.00082

Ri=0.197

Ouration of Miness.

Total gray matter volume
06 1

Cohen's d

Dose antipsychotic medication at time of scanning (CPZ-equivalents)

Fig. 2. Each circle represents a study sample. The circle size
corresponds to relative weight assigned to the individual study.
Excluding the study with the largest illness duration (panel A) did
not reverse statistical significance.

volume, which is comparable to the general effect size
of —=0.17.

Asymmetry. Significant differences in effect sizes
between left- and right-sided brain structures were
observed only for the planum temporale, where left-sided
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reduction significantly exceeded right-sided volume
reduction (d = —0.75 vs d = —0.29; P = .0034) (see online
supplementary material table 7 and figure 3).

Publication Bias

As also shown in table 2, the fail-safe number in the analysis
on the medicated sample surpassed the number of actual
studies by a factor 0.75 (cerebellum) up to a factor 75 (hip-
pocampus). Egger’s regression test indicated publication
bias for total brain, total gray matter, third ventricle, fron-
tal gray matter, prefrontal and temporal white matter, hip-
pocampus, and Heschl’s gyrus volumes. After performing
meta-regression, the number of explored brain structures
per study was generally not associated with the observed
effect sizes with the exception of caudate nucleus and puta-
men, as shown in online supplementary material table 3.
Although fail-safe numbers were generally smaller in the
analysis on antipsychotic-naive patients, Egger’s regression
test did not indicate publication bias here. Significance of
effect sizes did not change after adjustment by the Trim
and Fill method, with the exception of the parahippocam-
pal gyrus and gray matter of the parietal lobe.

In addition, we applied a previously developed test!®
that recently suggested an excess of significant findings in
meta-analyses on neuroimaging in psychiatry.'” As shown
in online supplementary material table 8, the number of
observed significant findings for both samples combined
did not significantly differ from the number of expected
significant findings in any brain region.

Discussion

This meta-analysis collected volumetric data from 317
MRI studies in schizophrenia until January 2012, includ-
ing over 18 000 patients and controls. Because our
meta-analysis included 33 studies comprising 771 anti-
psychotic-naive patients and 939 controls, we were also
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able to examine the extent of brain volume changes prior
to the initiation of antipsychotic treatment. In addition,
we addressed the question to what extent effect sizes were
affected by illness duration, antipsychotic use at time
of scanning and sex. The impact of 1Q matching status
between patients and controls and presence or absence of
substance abuse was explored as well.

Intracranial volume showed a small but highly signifi-
cant reduction in patients with schizophrenia compared
with controls (d = —0.17; —2.0%), whereas the reduction
of total brain volume was considerably larger (d = —0.30;
—2.6%). This difference was explained by a marked reduc-
tion in total gray matter (d = —0.49; —4.3%) because white
matter loss was equivalent to the decrease in intracranial
volume. Focal gray and white matter volume reductions
largely paralleled these global effects: Generally, reduc-
tions in gray matter structures showed effect sizes of
approximately 0.4. Total CSF, lateral ventricle, and espe-
cially third ventricle (d = 0.60) volumes were increased.

In the antipsychotic-naive sample, brain changes
reflected those observed in the medicated samples, albeit
to a lesser extent. For total brain and gray matter volume,
effect sizes were up to 30% lower in antipsychotic-naive
compared with the medicated patients. The reduction in
intracranial volume was comparable in both groups as
was global white matter volume reduction.

These data suggest that part of the reduction in brain
volume observed in schizophrenia must be present prior
to the age when the cranium reaches its final size, which
is in early adolescence.'® Interestingly, white matter reduc-
tion was similar in the medicated and medication-naive
samples, whereas gray matter reduction was larger in the
former group. This suggests in turn that the reduction
in white matter—present before treatment initiation—
progresses little if at all, during the subsequent course
of the illness, whereas gray matter reduction—although
also reduced at treatment onset—does worsen. Indeed,
we found that effect sizes for gray matter volume loss
increased with illness duration. Although based on cross-
sectional data only, this observation is consistent with a
recent meta-analysis on longitudinal volumetric studies in
schizophrenia where progressive loss of gray matter—but
not total white matter—was found in the schizophrenia
patients."” Similar to that study, we found that this effect
was confined to prefronal gray matter. That meta-analysis
did however find progressive volume decreases for frontal,
temporal, and parietal white matter. In agreement with
the current analysis, Olabi and colleagues" did not find
evidence for volume change over time for hippocampus
and amygdala but did report progressive volume increase
for lateral ventricles in contrast to what we report here in
our cross-sectional meta-regression. Given their signifi-
cant correlation, determining whether the larger gray mat-
ter volume reduction with increasing duration of illness
is due to the effect of illness or of medication is almost
impossible to disentangle, certainly in a meta-analysis of

Meta-Analysis of Brain Volumes in Schizophrenia

cross-sectional studies. We did find that higher dose of
antipsychotic treatment at time of scanning was associ-
ated with larger volume reductions in total gray, but not
in white matter. We found no support for the notion that
typical antipsychotics are exclusively responsible for this
effect, as suggested previously.”® Thalamic and caudate
nucleus reductions were more pronounced in the stud-
ies including antipsychotic-naive patients than in the
medicated sample. This finding corroborates the evidence
suggesting that antipsychotics increase basal ganglia vol-
umes, an effect associated with typical antipsychotics.?!
Curiously, we found such an association only for atypi-
cal antipsychotics. Taken together, these data suggest that
subcortical volume reductions are present early in the
illness before antipsychotic medication is initiated and
is attenuated by antipsychotic treatment. Indeed, thala-
mus volume reductions have been reported in subjects at
high risk of developing schizophrenia* and in relatives
of patients with schizophrenia,” suggesting that thalamic
volume reduction is associated with (the risk to develop)
schizophrenia. The fact that antipsychotic medication
attenuates this volume loss may well account for the com-
parable thalamus reduction in (medicated) first episode
and chronic patients,? and the absence of caudate nucleus
volume decrease both in the medicated sample in the cur-
rent analysis and in the sample of Wright and colleagues.®
Interestingly, intracranial volume reduction showed a
significant association with male sex. As indicated, intra-
cranial volume reaches 90% of its final volume at the age
of 5 years'® and does not change after reaching its final
volume at 14 years of age.'® It is therefore tempting to
speculate that the more pronounced intracranial decre-
ment in male patients may be the result of a more severe
(or earlier) disruption in neurodevelopment, which in turn
could contribute to the well-documented poorer outcome
in male compared with female patients.?

Because 1Q shows a correlation of 0.4 with total brain
volume?® and lowered premorbid intelligence is well estab-
lished in schizophrenia,'! determining to what extent
brain tissue alterations can be attributable to IQ decre-
ments seems highly relevant. This analysis, by studying the
differential impact of IQ matching and meta-regression
on IQ scores, did not allow for clear conclusions because
merely trends were observed for attenuated total gray
matter and enlarged hippocampal volumetric differences
between patients and controls in IQ matched studies.
Studies excluding for current substance abuse did not show
any trend toward effect size reduction, arguing against the
possibility that brain volume alterations in schizophrenia
can be largely attributable to current substance abuse.

We observed significant asymmetry only for the pla-
num temporale, where left-sided reduction was more
pronounced. The planum temporale is anatomically
and functionally lateralized, with left-sided structures in
particular subserving language processes, being part of
Wernicke’s region.”” Reduced asymmetry of the planum
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temporale was recently associated with more severe posi-
tive symptoms in schizophrenia patients.?

The current analysis extends the findings of the previ-
ous general volumetric meta-analysis in schizophrenia,
and for the medicated sample, we included studies from
the last third of 1998 when that analysis ended.® The
effect size found for intracranial volume was comparable
to the observed effect size found in the previous meta-
analysis on intracranial volume (—0.18; P = .001), that
shared no contributing studies with the current analysis
and combined CT and MRI imaging techniques.’ More
recently, Woods and colleagues reported a significant
reduction of intracranial volume of 20 cc in patients
compared with controls (based on 20 studies that partly
overlap with the current analysis).”” With a mean intra-
cranial volume of 1460 cc in controls in the current analy-
sis, this represents a decrease of 1.4% (current analysis:
2.0%). For total brain, white matter, and lateral and third
ventricles, effect sizes were quite comparable to those
reported by Wright and colleagues.® However, we found
more pronounced reductions in total gray matter and
hippocampus volumes. Presumably, these differences are
at least partly due to greater statistical power in the cur-
rent analysis as we were able to include up to 15 times as
many studies in some regions. Regions most consistently
showing clusters of gray matter decreases in VBM based
meta-analyses such as insula, anterior cingulate cortex,
inferior and medial frontal gyrus, amygdala, and thala-
mus?> all showed significant volume decreases in the cur-
rent analyses although none surpassed the general effect
size for overall gray matter reduction.

A meta-analysis is as valuable as its constituting stud-
ies, which mainly determine the major limitations of the
current analysis. Selective publishing of significant results
can never be ruled out, as was recently emphasized.!’
Egger’s regression test for publication bias did suggest
the existence of such bias for several regions, although
not for any brain structure in the antipsychotic-naive
subsample. However, fail-safe numbers for these regions
exceeded the actual number of studies by up to a fac-
tor 75 so that it is unlikely that publication bias alone
generated volumetric alterations. We cannot exclude the
possibility that authors selectively reported significant
findings. However, the number of investigated brain
regions generally did not affect effect sizes, and applica-
tion of a recently recommended test'” did not indicate
major excess significance. On the other hand, the major-
ity of explored brain regions showed significant hetero-
geneity, complicating the interpretation of the results,
although it is conceivable that Cochran’s test is too strict
for large meta-analyses to be suitable.’® Indeed, applica-
tion of the I? test showed considerably less heterogene-
ity. Meta-regression on illness duration, sex, and current
dose of antipsychotic treatment partly explained hetero-
geneity, whereas performing sensitivity analysis generally
did not reduce heterogeneity. IQ matching did reduce
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heterogeneity, although this effect may also be explained
by the smaller sample sizes in the IQ matching analysis.
Except for thalamus volume, no significant heterogeneity
was found in the antipsychotic-naive analysis. We assume
that at least part of this difference in heterogeneity is due
to the large number of studies included in the general
analysis.

It is conceivable that different brain imaging tech-
niques had an impact on observed effect sizes. However,
applied MRI techniques (whether manual, semiauto-
matic, or automatic) are not uniform and, therefore,
unsuitable for group comparison. In addition, applied
segmentation techniques likely relate to year of pub-
lication and image resolution that would have a con-
founding impact on the relation between segmentation
technique and observed effect sizes. For these reasons,
we were unable to explore the relation between imaging
technique and effect sizes.

The differentiation of studies based on IQ matching
and the exclusion of current substance abuse was some-
what imprecise. For example, IQ estimation was gener-
ally based on vocabulary and block design subtasks on
the Wechsler Adult Intelligence Scale or on the National
Adult Reading Test, representing an estimate of cur-
rent or premorbid 1Q, respectively. Numbers of studies
that matched on 1Q were relatively small, increasing the
possibility of type II errors. In addition, even in the 1Q
matched sample, all contributing studies showed lower
1Q scores in patients, thus limiting comparability.

Illness duration was substantially lower in antipsychotic-
naive patients compared with medicated patients, and
whether these patients suffered from less severe illness could
not be established. Although this limits the comparability
of both groups, it did not affect the primary aim of this
comparison, which was establishing to what extent brain
volume changes could be observed in schizophrenia that
were not attributable to antipsychotic medication use. To
examine the effect of antipsychotic medication on brain
volumes, we were confined to dose at time of scanning as
variable because cumulative antipsychotic dose was incon-
sistently reported in contributing studies. This limits the
interpretability of the effect of antipsychotic use on brain
volumes in this meta-analysis.

Furthermore, because we did not correct for multiple
testing in the meta-regression analysis due to the con-
servative nature of the applied statistical method, sig-
nificant findings should be interpreted with caution given
the amount of variables tested. It should be stressed that
regression on illness duration is a crude way of investi-
gating disease progression and longitudinal designs are
needed to draw definitive conclusions. Finally, despite the
fact that all contributing studies were matched for sex, the
medicated sample showed significantly more males in the
patient group compared with controls. In our analysis,
in both patient and control groups, intracranial volume
was 11% smaller in females, representing an effect size of
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approximately —1.6 (data available upon request). It seems
reasonable to assume that, as the sex difference between
patients and controls equaled 4.7%, reported brain reduc-
tions were underestimated and volume increases were
overstated by an effect size of approximately 0.075.

In summary, this meta-analysis in over 18 000 subjects
explored the extent of brain volume alterations in schizo-
phrenia. It showed a small but highly significant reduc-
tion in intracranial volume (most pronounced in male
patients) with a similar decrease in white matter volume,
suggesting a neurodevelopmental origin to some of the
brain volume reductions observed in schizophrenia. Total
brain volume loss was nearly twice as large as intracranial
volume reduction, this difference being completely attrib-
utable to a decrease in gray matter. The latter showed an
association with longer duration of illness and higher
dose of antipsychotic medication at the time of scanning.
Effect sizes for total brain and gray matter volumes in
the samples of antipsychotic-naive patients were approx-
imately 75% of those found in the medicated samples,
indicating that the largest part of brain volume reduction
in schizophrenia is present before treatment is initiated.
Caudate nucleus and thalamus volumes showed remark-
ably large reductions in antipsychotic-naive patients.

Thus, on the basis of this meta-analysis including
over 8000 medicated and nearly 800 medication-naive
patients, the conclusion appears warranted that brain loss
in schizophrenia is related to a combination of (early)
neurodevelopmental processes—reflected in intracranial
volume reduction—and illness progression.
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