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Background: Retinal assessment has indicated the presence
of neuronal loss in neurodegenerative disorders, but its role
in schizophrenia remains unclear. We sought to synthesize
the available evidence considering 3 noninvasive modalities:
optical coherence tomography, electroretinography, and
fundus photography, and examine their diagnostic accuracy
based on unpublished individual participant data, when pro-
vided by the primary study authors. Methods: We searched
MEDLINE, SCOPUS, clinicaltrials.gov, PSYNDEX,
Cochrane Controlled Register of Trials (CENTRAL), WHO
International Clinical Trials Registry Platform, and Google
Scholar, up to October 30, 2018. Authors were contacted and
invited to share anonymized participant-level data. Aggregate
data were pooled using random effects models. Diagnostic
accuracy meta-analysis was based on multiple cutoffs lo-
gistic generalized linear mixed modeling. This study was
registered with PROSPERO, number CRD42018109344.
Results: Pooled mean differences of peripapillary retinal
nerve fiber layer thickness in micrometer between 694 eyes of
432 schizophrenia patients and 609 eyes of 358 controls, from
11 case-control studies, with corresponding 95% confidence
intervals (Cls) by quadrant were the following: —4.55, 95%
CI: —8.28, —0.82 (superior); —6.25, 95% CI: —9.46, —3.04
(inferior); —3.18, 95% CI: —5.04, —1.31 (nasal); and —2.7,
95% CI: —4.35, —1.04 (temporal). Diagnostic accuracy,
based on 4 studies, was fair to poor, unaffected by age and
sex; macular area measurements performed slightly better.
Conclusion: The notion of structural and functional changes
in retinal integrity of patients with schizophrenia is supported
with current evidence, but diagnostic accuracy is limited. The
potential prognostic, theranostic, and preventive role of ret-
inal evaluation remains to be examined.
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electroretinography/fundus photography/neurodegenera
tion/neuropsychiatry/retinal imaging/psychosis/biomark
ers/optic nerve

Introduction

Schizophrenia (SZ) is a debilitating mental disorder
affecting more than 20 million people worldwide.!
Currently, although SZ biomarkers are a rapidly evolving
field, a structured interview by a mental health profes-
sional is still widely considered as the optimal diagnostic
approach.? In addition, there is dispute over the reliability
of biomarkers in predicting or monitoring disease pro-
gression.’ Neurodegenerative diseases, such as multiple
sclerosis,* Parkinson’s disease,” and Alzheimer’s disease®
are known to be correlated with a loss of retinal neurons.’
There is a growing body of evidence suggesting that sim-
ilar changes may also be present in psychiatric disorders.
Two recently published meta-analyses have shown that
SZ may be correlated with loss of retinal neurons, detect-
able by optical coherence tomography (OCT).3 OCT is
a noninvasive imaging method providing automated in
vivo measurements of retinal sections, such as the retinal
nerve fiber layer (RNFL).!

In this study, we aimed to investigate the potential role
of 3 noninvasive retinal evaluation methods in SZ detec-
tion: OCT, fundus photography, and electroretinography
(ERG). OCT technology differs by device model and
vendor. There are 3 types of OCT devices: time-domain
(TD-OCT), swept-source (SS-OCT), and spectral-
domain (SD-OCT). SD-OCT and SS-OCT devices allow
for more accurate measurements of retinal structures,
including the ganglion cell layer (GCL) of the macula,
where the cellular bodies of the optic nerve are concen-
trated.!" Some devices combine this layer with the adja-
cent inner plexiform layer (IPL), measuring GCL-IPL
thickness. ERG is a noninvasive procedure that can detect
retinal cell dysfunction after flash stimulation, based on
analysis of response waves under high- (photopic), inter-
mediate-, or low-luminance (scotopic) conditions.!>!?

Previous OCT studies have yielded discrepant results.
For instance, Silverstein et al.'* reported that decreased
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retinal thickness in macular area was correlated with the
presence of diabetes and hypertension. Although rele-
vant studies had measured continuous biomarkers in dis-
eased and non-diseased groups, none of them reported
outcomes of diagnostic accuracy. In order to evaluate the
discriminatory ability of any of these methods and sub-
group effects of age, sex, and antipsychotic medication,
we analyzed individual participant data (IPD).

Methods

This study was registered with PROSPERO, number
CRD42018109344. The Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA)-IPD
checklist was completed (supplementary appendix 1).

Search Strategy, Selection Criteria, and Data
Extraction

We performed a systematic review and meta-analysis of
the literature, based on published aggregate and unpub-
lished IPD. We independently searched the databases
MEDLINE, SCOPUS, clinicaltrials.gov, PSYNDEX,
Cochrane Controlled Register of Trials (CENTRAL),
and WHO International Clinical Trials Registry Platform
from the time of their inception to October 30, 2018, with
no language restrictions. The following structured algo-
rithm was applied for the database search: [(schizophreni*
OR psychosis) AND (retinal OR retina* OR “optical co-
herence” OR ERG OR electroretinography)].

All observational studies (case-control, cohort,
cross-sectional), reporting OCT, ERG, or fundus camera
measurements in patients with a SZ diagnosis by a
trained psychiatrist and at least 1 comparison group
without SZ, were deemed eligible for inclusion in the sys-
tematic review. No constraints were applied regarding the
age of participants or the diagnostic system used. Non-
comparative studies (ie, case reports, case series), animal
studies, in vitro studies, and review articles were excluded.
The eligibility of results was assessed in a 3-stage process.
First, the titles and abstracts were screened for their rele-
vance to the research question. The full text and any sup-
plementary material of potentially eligible studies was
subsequently retrieved and examined independently by
both authors. Any discrepancies were discussed and re-
solved. If the full text was unavailable, data extraction
was attempted based on the abstract.

The citation indexing feature of the Google Scholar
search engine was used to identify any unindexed articles
published until October 30, 2018, that cited the eligible
studies. A full list of the Google Scholar web addresses
used during the search can be found in the supplemen-
tary appendix 2. Furthermore, we recursively screened
the reference lists of the included studies for eligible
entries. Authors of eligible studies, which were published
within 10 years prior to search end date, were contacted
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via e-mail and invited to share anonymized participant-
level data. A table showing all requested parameters with
their standardized measurement units can be found in
the supplementary appendix 3. We validated the integrity
of IPD. We checked for typographic errors and implau-
sible values, compared published summary statistics with
those derived from the IPD, examined missingness, and
visually assessed normality assumptions by constructing
quantile-quantile plots. Authors were consulted if any
anomalies were found.

Definitions and Outcomes

Peripapillary RNFL (pRNFL) thickness was reported
by most OCT studies, either in quadrants or 6 sectors.
Those sectors were termed as superior (S), inferior (I),
nasal (N), temporal (T), and superior-temporal (ST),
superior-nasal (SN), inferior-temporal (IT), inferior-
nasal (IN), nasal (N), temporal (T), respectively. We
analyzed pRNFL by quadrant, considering S pRNFL as
the average of ST and SN pRNFL and I pRNFL as the
average of IT and IN pRNFL. Total macular thickness
was reported in up to 9 segments (central, inner SNIT,
outer SNIT). GCL-IPL average thickness was the av-
erage of GCL thickness estimates in 6 macular sectors
(ST, SN, N, T, IN, IT).

Mean differences of superior, inferior, nasal, temporal
pRNFL, between the eyes of SZ patients and subjects
with no diagnosed psychiatric illness were the primary
outcome of aggregate data meta-analysis; the secondary
outcomes were the mean difference in cubic micrometers
of macular volume and the standardized mean differ-
ences of the ERG a-wave and b-wave amplitudes, under
photopic and scotopic conditions. The IPD meta-analysis
primarily investigated the diagnostic accuracy of OCT in
SZ; the psychiatrist’s diagnosis was considered as the ref-
erence standard, and GCL-IPL average, superior, infe-
rior, nasal, temporal pRNFL, central macular thickness
measurements were the index tests. In this analysis, sen-
sitivity and specificity at the optimal cutoff, along with
the area under the summary receiver operating charac-
teristic curve (AUSROC) estimates were the primary out-
comes. Secondary outcomes were the optimal threshold
per index test, across all included studies.

Quality and Risk of Bias Assessment

We evaluated the quality of all studies that provided suf-
ficient information in the full text and any supplementary
material, using the Newcastle-Ottawa Scale (NOS) for
case-control and cohort studies.'> The Quality Assessment
of Diagnostic Accuracy Studies 2 (QUADAS-2)!¢ was
used to assess the quality of all studies included in a di-
agnostic accuracy meta-analysis (DMA). All evaluations
were performed independently by both reviewers and
consensus was reached for discrepancies.
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Statistical Analysis

Data management and statistical analysis were performed
in R 3.5.3 environment.!” Statistical significance level (o)
was set at .05. The eyes of participants were regarded as
the unit of analyses. For the aggregate data meta-analysis,
when IPD were not available, combined summary statis-
tics from 3 or more studies were calculated, by pooling
variances of reported right and left eye measurements.
The GetData Graph Digitizer software was used to re-
trieve unreported data from appropriate study figures.'®
Effect sizes were calculated and univariate random effects
models were fitted using the metafor package.!*?° Between-
study heterogeneity was appraised with the Cochran’s Q
statistic®! and the Higgins’ inconsistency index (1?),> with
P > 50% indicating substantial heterogeneity. Four uni-
variate generalized mixed-effects models, including more
than 10 studies,” were constructed—pRNFL superior,
inferior, nasal, temporal mean differences were the de-
pendent variables, and mean age, male percentage, NOS
score, and type of OCT device used (SD vs TD) were the
effect modifiers. Sensitivity analyses included leave-one-
out analyses,* publication bias assessment with Egger’s
regression,” Begg-Mazumdar rank correlation test,?
and funnel plot asymmetry evaluation with the “trim and
fill” method,* for all pPRNFL quadrants. To investigate
the effect of data availability bias, funnel plot asymmetry
and pooled estimates of studies with IPD were compared
with the results from other studies.?s?

For the IPD meta-analysis, DM A was the primary anal-
ysis. Imputed data meta-analysis was a secondary anal-
ysis, handling missing data in 2 studies'**; missingness
was less than 10% for all OCT measurements analyzed
(refer to table 1, under “Measurements” column, for
further details about missing measurements and supple-
mentary appendix 3 for details about imputed data anal-
ysis methodology). Separate DMAs were done for right
and left eyes. After calculating numbers of true-positive,
true-negative, false-positive, and false-negative diagnosis
at every possible cutoff, from each study, several gener-
alized linear mixed-effects models of binomial family
were constructed by the diagmeta package; the restricted
maximum likelihood criterion was used for model selec-
tion.?!2 Cutoff values were multiplied by —1 in order to
account for the negative correlation of biomarker values
with test outcome.’! The nsROC package was used for
nonparametric imputed data DMA3 (supplementary
appendix 4). Summary ROC curves were constructed
and AUSROC, specificity, sensitivity, and across-study
optimal cutoffs were estimated. Heterogeneity was ap-
praised with the residual variance of the random effects
model (t?). We compared independent AUSROC esti-
mates**** of subjects less than 40 years old vs subjects
with an age >40 years, and male vs female subjects, and
assessed diagnostic accuracy after exclusion of reported
smokers and hypertensives in 2 studies—smokers were
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only reported by 1 study.’® Exploratory data analysis was
performed for GCL-IPL average thickness measurements
in cases, based on univariate, multilevel generalized linear
modeling (supplementary appendix 5). Differences from
published protocol are presented in supplementary ap-
pendix 6.

Results

Of 1111 results from the database search and 5 additional
studies found from other sources, after screening for du-
plicates, 815 records were excluded; 798 were irrelevant
to the research question, 10 were reviews,*** 2 included
high-risk subjects for SZ, 1 did not use an eligible
ophthalmic device,” 1 was a summary overlapping with
another study,” 2 were letters without any reported meas-
urements,”’”> and the abstract of 1 study could not be
retrieved.” All eligible studies that reported ERG param-
eters®1-* were excluded from the IPD meta-analysis,
because most of them*-2* were conducted more than
10 years before this study. We requested IPD for 13 OCT
studies!430-36:37.39-41.43.45-48.74. dqta of 5 SD-OCT studies were
provided.!430364347 The authors of 6 studies did not re-
spond, whereas authors of 2 studies*** responded that the
requested data were no longer available. No data anom-
alies were found. 1 study was excluded from quantitative
synthesis due to the minimal number of cases; an out-of-
sample evaluation of DMA results was done using IPD
from this study* (supplementary appendix 7). In total, 4
eligible studies were excluded®>¢7*7 from the aggregate
data synthesis, due to lack of sufficient data. Seventeen
case-control studies—12 using QCT!4:30:36.37.39-41.434548 (] 3 5]
eyes of 825 participants) and 5 using ERG*>'4 (408
participants) were eventually included in the aggregate
data meta-analysis; 11 subjects with schizoaffective dis-
order* and 17 participants with bipolar disorder* were
excluded. 4 studies, including 597 eyes of 346 participants
(42.5% of participants in eligible OCT studies, 52.7% of
participants in all SD-OCT studies) were included in the
IPD meta-analysis. The systematic review procedure is
presented with a flow diagram*® in figure 1.

Study Characteristics and Missingness Information

Study characteristics, along with information about
missing data, are summarized in table 1. Various diag-
nostic procedures were followed.*>#-3%-577¢ The Diagnostic
and Statistical Manual of Mental Disorders (DSM)”” was
used as the diagnostic classification system in 13 studies,
while the International Classification of Diseases (ICD)™
was used in 2 European studies. Controls were age
matched in all studies. Participants with comorbidities
that could affect the reported measurements were ex-
cluded in every eligible study. The Positive and Negative
Syndrome Scale” was used to assess clinical severity
of SZ in 11 studies.!430:36:37.39404547.9951 =~ Aptipsychotic

29


http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbz106#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbz106#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbz106#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbz106#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbz106#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbz106#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbz106#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbz106#supplementary-data

C. T. Kazakos & V. Karageorgiou

BUINERI)
J0 ‘A193InSs IR[NOO

oUu “JUAW[[OIUDd 0)
Joud syjuowr 9 uIYIM
asnge 2duB}ISqnNs ou
‘SIOPIOSIP AAT)BIUIZIP
JIWAISAS [BIIS0[0INAU

“,[eorSojoweyiydo Ur-msa (adn (oug (soka
OU ‘JUdUINIOAT 910Jq 0cMITAIUT  SJUIWSAS § SSAUNIIY) IIPIJA SSIdZ [18))) [011U02 §/ 7S 9T1)
SqIuou § utym (adi) xes JeoTuro TdI-TOD UBL  C'9 UOISIdA ‘000 S[oNu0od 6¢ :ZS €9 (L10T-9107)
(1rzre) s oeneonoydhsd oN - “(69-81) 8V parmonng  -penb AqTANYA  IDO-AH SMID  1D0-AS Aoy (#07) TOT  oc'T8 32 SBQIRQ
asnqe doueisqns ‘Anfur
peay ‘ewoone[3 ‘sakd
oy} Sunoajje JopIoSIp
JIuId)ISAS Jo
10381y ou ‘g HAS 9-
S 10119 9AIORIJAI ‘SP[AY (seka
rensia Aaryduny dwnjoA [013U02 ()8 ZS 91)
pue £ymoe [ensia Ie[noew ‘queipenb Aq  (ouf 99)IPaIN SSIOZ S[01IU0D () 1 ZS 8€ QAN)
(0/zio) v A VINSO[ [BWLION X2s 293y aWd-dId  PUe eI TANYd  [1eD) 1D0 smens  1D0-dL N (9s1) 8L PACRERS]
IopIOSIp
JATIRIOUAZIP JTWAISAS
10 ‘TesrSojornau
‘reardojowreyiydo (ouy Surrousuyg (safka
umouy ou ‘(g Sjuow3as 310qJopIoH) [013U0D [ :ZS 18)
TAD/HAS -5 X958 BLIDILID  § sSoudaI) TdI-TOD (0°9 UOIS.IoA S[ONUOd [y - ZS 18 (AN
(T/ew) 8 lolro oanoeloy  (69-81) A8y AIFANSA  stuwses [ TANYd LOO0 sienoads  LDO-AS  Aeyung (tcn el eI RD
awnjoA
(sonoedo erpaw ou Jenoew ‘(syuowr
‘SIOPIOSIP [BIIS0[0INdU UIr-mwsa) -39s ) ssauyIIy} (safka
‘,Jeorojowreyiydo oMOTAIIUI  JR[NOBW [€}0} INOY [0T3U09 ()9 :ZS (09)
umouy ou ‘g HdS [EOIUI[D  YOO[d puk JurIpenb (U] 9PN SSIZ s[onuod 0¢:Zs 0€  (1102-0107)
(1/2/7) L TF > lolio aanoeljoy Xas 08y pamjonng  Aq [ereso ANYA  [ED) 1DO smens  [DO-Al  uredg (0T1) 09 4B 10 OsLISY
awnjoA
Je[noew ‘(syuowdos
SIOPIOSIP [BIIF0[0INAU N L-AI-WSA) 6) SSaUOIY) (saka
‘,Jeorojowreyiydo o MOTAIOUT Je[noew ‘Inoy [013U09 (T :ZS 07)
umouy| ou ‘q HdS Teor 000 Aq ‘yueipenb  (ouf 99PN SSIOZ S[01IU09 (0[:ZS 01 (AN
(€/7/€) 8 TF > lolmo aanorljoy Xos 08y -uIp parmonng  £q ‘ereao MTANYd  [1eD) [DO smens  1DO-dL  uredg (0%) 0T  '[2 10 OseOSY
satpmis 100 'V
"/D/S) LI ANIQISIH SI[qBLIBA POUIOIN SIUQUWIAINSBIA (10pudA 291A2(0) odA1, Anuno) (serpmag (porrad)
91008 Suryoren onsougelrq [OPOIA 90149 219g 1D0 103 sakq) Apmig
SON syuedionied

sonsLIgloeIRy) Apryg Jo Arewwung ‘| d[qe],

30



Retinal Changes in Schizophrenia

asnge aduR)sqns Jo
K101814 OU ,IopPIOSIP
[eo13ojowreyiydo
umouy

10 ‘sn)I[[ow S1_qeIp
moym ‘a HdS

(adp

(e1ep 91830133R) 10AR]
reunar Aq ssaudoIy)
Tenoew ((ddI)
SSOUYOIY) JR[NOBW

[e3A0J [&101 (A dT)

(ou] SWAISASOIINA
vIIT) 00£TD

(sofka

[013u02 00T :ZS 0L)
S[OTU0D ()6 ‘7S S€

(S10T+100)

(1/2/7) L 9F > 10110 0ANORIJOY  00BI X3S 08y BLIILO ()/-7D] Iueipenb £q :TANYd nsiaug BT 1D0-dS 3N (0L1) S8 ,pTe 30 IUBWES
q(sanmedo eipawr
OU ‘SSOJ SSOUSNOIOSUO0D
Jo K10)81 OU ‘Osnqe
ouLISqNS OU IOPIOSIP
OTAISAS JATIRIOUAZIP SIUQWIZAS
10 ‘[ed130[0INAU 6 PUE [[BI9A0
‘eardojowyeyiydo 2QUWINJOA TR[NoRUI (soko
ou ‘SH ww 77 > ‘SIUQWIAS @ :ssAUNOIY)  (ou] SunreauISuUg 101109 O0f ZS 0f) 10T
dOI ‘d HdS 9- Xos Te[noeu [£10) S1aq[opioH) sjonuod 0z iz 0z Af—judy)
17z s > 101 0An0RSY  (81<)98Y  BLANID )[-FD]  ‘SIUAWBas £ TANY 100 sienoeds  1DO-dS [eSniod (08) 0F o 'TB 19 BION
JUSW[[OIUD
01 Joud syjuowr ¢
ury)m A1931ns
JIB[NOO IO ‘BWINEI}
Te[NO0 ‘Sn)Ifou
$9JoqRIp ‘sIown)
SND ‘edoouAs jo
K10381Y OU ,IOPIOSIP
reardojowreyiydo JwIn[oA
umouy ou ‘(q HdS (JL-AI-WS@)  Ie[noew ‘Sjuawu3as g (saka
7— S IO1Id dAT)ORIJAI 0sMITATIIUT :SSQUOIY) TR[noRUI (out 9aupaN [01u09d (¢ ZS 0£)
‘SUQWIINSBAW J0BI ‘XS [earuro [e101 ‘yueapenb Aq SSI9Z [18D) 0001 S[01IU0D ()€ :ZS 0€ (€102-2102)
(/) 8 dOoI[ewioN  (81<) 93V pampnng - pue [[e1A0 TANYd  LDO-AH shD  1DO-AS EIsARR (09) 09 ' [819997
(e1ep 9)1R30133R)
SSQUYOIT[) [BPIOIOYD (saka
‘(sjonuod 9 pue [OIUOD PaydIel
sosed 9 {qdI) TANYd 9¢ ‘19pIOSIp
‘(adm syuowsos Tejodiq 9 :7S 9)
6 PUE [[BI9A0 S[OJIU0D
ppMITATOIUT :0WN[oA JeMmoew  (ou] SurIeduISuy payorew g
JIOPIOSIP [BIIZ0[0INAU [eorur[o ‘(@di) syuawdas S1aqoproH) :$103[qns 19pIoSIp
10 ;[eorsojoweyiydo (@d1)  peamonns-rwos 6 -SsaudIY} LOO+VdH Tejodiq €:7S ¢ (IN)
(0/z/€) s uMowy oN Xos 93y avd-1d Te[noewW [e10L, sienoads 1DO-AS vsn (8%) T ¢’ T8 10 201
("/D/S) RLINID) ANMIQISIH SI[qBLIBA POUIN SJUQUWIAINSBIJA (10pudA 291A2(0) adL1, Anuno) (serpmag (porrdd)
91008 Suryole onsouselrq [OPOIAl 20140 10 1D0 10J soAq) Apnis
SON syuedonreq

panunuo) Y dqeL,

31



C. T. Kazakos & V. Karageorgiou

wexd £10je1oqe|
pue 1eorsAyd ‘A1oisiy

sopmyjdwe

(N
sI10pudA) 19nduwod

poyadsun
Qpoxd3[d

191J® SaNIPIqIOWOd BLIILID  9ABM-q o1dojoyd pue Su9[ 19BIU0D S[O1U0d €T ZS 6 AN B 10
(0/1/9) ¥ Pa33919p ON o8y - 1II-NSd 01d0109s payeaday U9[[y-ueLmng OYd Auewion [44 Op[eq.renH
jusdwy[oIud 03 Jord sopnydwe ,onem
SUIUOW 9 UIYIIM dSNqe asuodsar aanie3ou
Qoue)sqns ‘snirfjouw UT-IWSA) oM3TA ordojoyd ‘oaem-q
S912qRIp ¢,SIOPIOSIP -19)ur [eorurd - ‘oaem-e ordojoyd pue  (ouf sardojouyoay, S[o1u0d AN T’ 1R
(1/2/7) L 1eoiSojowreyiydo oN - (09-81) 98V paImionng ordoyoos payeadoy ONT) eadLa o9d vsn STZS ST O0S UTWwa(J
asnge doueIsqns UI-Wwsa) (oug ‘ser3o[outday,
‘euner) peay 0eSNd MIIATIUT ssopmyrjdure JUdWINIISUT
TOPIOSIP [BII30[0INdAU aneryoAsdoInaN dABM-Qq DABM-B  J9[00IN]) Jondwod S[o1u0d ()7 \ZS 92 AN
(¢/2/9) 8 Jo A10381Y ON X3s ‘98y [euonBUI) U ordojoyd pajeadoy J11dg 319[00IN. Oyq AreSuny 9% 1€ 12 ysoreg
solpmis HYH 4
q(snmedo eipaw SSAUOIY) (saka
ou ‘ewnen) 1o A1931ns [BUT}AI [B]0) ‘SJUQWISOS (oug [01U0D ()9 9K
IB[NOO JO AI03SIYy OU (AN poyjouwr) g :SSAUDIY) JR[NOBW I)IPIJA SSIOZ [18))) ZS 89)S[01IU0D
9SBISIP IB[NISBAOIPILD pasouserp [e101 querpenb Aq 00t 0€ :ZS $¢ (S10Z+102)
(07210 ¥ OU ‘SINOWSUON Xas 23y A[snoradrd  pue [[BIA0 I TANYD  LDO-AH sniD 1D0-ds Aoynp, (8TD¥9  &'18 19 ZBWIX
(@dp ssouyoryy
[eproioyd
‘(adn
sjuowi3as £ TANYd
“(ddI VI % 1> (soko
(senmoedo (morazo)ur ssauulssIw) sjuowigos  (ouJ SurreduIsuyg [011U02 9€ 7S 6S) (ST0T+102)
BIpaW OU ‘(] HdS (adn parmjonms 6 SseuyoIy) S1aq[opioH) S[OIIUOD 9¢ 1ZS 6S w819
(1/2/7) L T— 5 Iolie aanoeljoy X2s 93y ou) AI-NSd Te[noeW [L10], IDOOsqenoeds  1D0O-AS  Aoyang (S6) 66 zewpiA-nodog,
Kyrenb
oFewr Jood ‘pamseowr
JOU :SSOUIUISSIUI
uru 10J suoseay
0] < SS QUSNOIOSUOD (ady) awnjoa
Jo ssof 10 rwinen TemoeIN ‘(AdI ‘%S
peay jo A103s1y SSQUSUISSIU) SSAUNDIY}
OU JUAW[[OIUd 0} aSe1aAe TdI-1DD
Toud syjuowr g uryIIM (adI IVIN %S>
asnge 20uB)sSqns Jo SSQUFUISSIW) S)UIWSIS
K103S1 OU ,IOPIOSIP I9INO § ‘[BIAOJ
resrdojowreyiydo UIr-mwsda) 1SSAUIIY) (ouy oAIpaN (saka
‘ewnes) Ienoo 0sMITATIUL Ie[noBW [B]0) SSI0Z [18D)) 1013009 $9 ZS +9)
ou “QAISu9)I0dAY d10M (adn eorurp ‘(ady) yueapenb Aq 1°8 UOISIdA ‘)00t S[OXIU0D 7€ 7S TE CIND) 4 TR 19
(1/2/©) 9 S[oNuod 11 :ZS 11 Xos 03y pamjonng - pue [[e1oso (ANY  LDO-dH snD  1DO-dS vsn (82D ¥9 UIR)SIOATIS
("H/0/S) BLIOILID) ANNIQISIH S9[qRLIBA POUIRIN SJUSWIINSBIA] (10pUdA 221A3(]) odL1, Anuno) (sarpmis (pordd)
91008 Suryorey onsouselrg [OPOIAl 20140 180 ID0 10J S2A7) Apmig
SON syuedonreq

panunuo) I IqeL,

32



Retinal Changes in Schizophrenia

*6S 91qe) Arejuowdrddns oy) ur pajuasard are YoryMm ‘S9JRLIBAOD 10J Pajsnipe sem SISA[RUR (SAIPNIS 110Y0)),

“ABM 95U0dSaT DY H oy10ads-[[a0 uordues B s1 “[8 Jo urmwd £q pajiodar ‘osuodsar aanesau ordojoyd,

'SISAUIUAS dAnBIUEBND UI popnjour sem SJUSWAINSLIW JO

39S PU0d3s Ay AJUQ "19JB[ SYOIM MIJ B U] SEM JUO PUOIIS B SUOIIBIIPAUL JO 1OSUO I9)JB SYAIM 7 ISBI[ JB U] SeM SJUSWAINSBIW JO 138 IS1 Y] ¢ |8 32 y3oreqg £q Apnjs oy} uj,
‘uonen[eAs [eurjal 3unuaaald (Snoania Sud| Jowny snoanbe ‘BIUIOD) BIPIW dANIRIJAI S,943 A} Ul sso] Aoudredsuern) Aue :A310edo BIPIJA,

‘(snwide)sAu ‘snwisiqens 1) uon

-BX[J PUB (SISLISIP Snonodjur dunwwroine ‘Ayjedounar oraqeIp “Lwodne[3 ‘uoneIdudgap Jemovu 1) oA1du d1do ay) 109jJe urd By} I9PIOSIP AUB I3pIOSIP [edrsojoweyiydQ,
“Ma1AUIU] J1ISOUSDI(] [PUOIDUIdIUT 211S0dUL0) [ ‘BIAUWIBD XI[JAI SUD[-I[TUIS YIS ‘poriodar JoN

NN s1soyadsg 10f mataiaguf 21150udviq ‘W J-d1 TWOPUERI Je SUISSIW YA ‘Wopuel 1e A[01o[dwod JUIssiu VI SLapLoSIT 241123ff 7 pup SISOYIAS 10f Ma1a1auf 211s0u3nI(q
‘AVd-Id dseasIp Adupry druoIyd ‘(@D dmssaxd remooenur gOJ ansodxa/Aiqeredwod/uonagfas ‘g/)/S 9[eds eme110-o[IseomaN ‘SON ‘eiep juedonaed enprarpur ‘qdl
(SaSDASIT JO UOIDIYISSD]D) [PUOIDUIDIUT ‘(D] SAIPLOSIT [DIUD P JO [PRUDJA [PILISIDIS pup d1soudvid ‘WS ‘Uonnjosay Jo J[3uy wnuwiuljy Y4} Jo wyineso] Yy INIo] s1ado
-1p ‘[ ‘yudreAmnba reorrpuro eondo ‘1A D “yudreambe eorroyds eondo ‘HJS roAe] wrojrxard Iouur yiim 10Ae[ [[90 uorsues “Td[-1DD ssouyory) TINY Areqdedrrod “TiNygd
{10Ae[ 19qU dAIOU [RUNAI “TANY $$102[qns eruarydoziyoss “zg curewop [enoads ‘s curewop awn ‘[ L {Ayderdounaronad)d ‘Oyd Ayderdowo) douaroyoo [eondo ‘1HO ‘dnoid
[OIIU0D 9] UI SISBD JO SOAIIB[OI PIPN[OUL OS[E ,, [€ 10 TUBWES SAIPNIS [[B UI S[ENPIAIPUL AY}[eY A[[BOLIJRIYOASd 210M S[OIIUO)) "UTISOP [0IJUOI-ISBI B UO PISBQ AIOM 4 [B 19 IAIOA]
pue Tk 12 RN Aq Aydei3ojoyd snpuny Sursn sarpnis 11070d g Jo uondaoxa ay) yum sarpnis [[y sarpnys Aydersojoyd snpuny :D) Sapnis OYH :d SApnIs 1D 1V 210N

pooyinpe £[1es 10
90UISA[OPE J& UYL}

a1am sydeisojoyd (sokd
—(paziprepues) Aqreay 26 :ZS 06)
Towep  (PYT ‘0D JNPPIN) BIOWED s100lqns (6007)
(Tree) L paiodar suoN PUON B (] Te[NUAA [BUNSY A/xAd-€ APPIN snpunq BIENSNY  AN[RIY T9Y (ZS Sy o[BI PN
PIO SIBaA §¢
a1om syuedronred
uoyM Udye)
a1am sydei3ojoyd
Ayrenb —(paziprepuels) (oug (safka
o3ewr A10108)STIES IojoureIp uoue))) sunoeq Aqieay $28 :ZS +5)
‘SUONIPUOD [e}UITU0D BLILIO A]- VS  Je[OLId}I. [RUII 19} WIS d 0T Yim BIOWED pUR[BYZ syafqns  (Z102-0102)
(€/zv) 6 ou Koueusard oN 2 QUON U-IT-WST  -WEIp IR[NUAA [eUNYY  SH-JIJAN Uoue) snpun.g MON AIeRY TIH i ZS LT o[ 10 IO

. N sarpn)s Aydeidojoyd snpung D
juowear) urnmbar

SIOPIOSIP IAY3}0 sjyuowaINSedW  (duf SAFo[ouydd,
10 Jeardojowyeyiydo apnyjdwe aaem-q JudWINISU|
Jo K101 OU UI-WSa@) ‘arem-eordojoyd pue  391001N]) JoIndwod AN)
/20 ¥ ‘gsenoedo epawr oN X3S 98y SPI0OJAI [BOIPAA o1dojoos pajeadoy J1dg 19[00IN. od SN S[OIUO0D 6 7S 6 4 T8 10 IOUTRA\
(xoreng)
sopninduwre asem-q 6/€€ X3P[eIYS
JuawIBAI} 03 A1010RIJAI anem-e ordojoyd pue  OpPOIIOAR MONZII'] S[OI1U0d aIN)
0/z/1) € JOU 1M SASB)D) X3S 98y BLINID A [-WST o1doyoos pajeadoy -)OLI] -UOSMB(] DYq epeue) SOT :ZS 0ST SST  &'T8 19 1IQ9H
("H/0/S) eI AN[IQISIH S9[qRLIBA POUIRIN SJUSWIAINSBIIA (10pUdA 221A2(]) odL1, Anuno) (sarpmig (pordg)
109G SuryoleIN onsougerq [OPOIAl 1A 1A 1D0 I0J soAq) Apnmis
SON syuedionied

panunuo) I IAqeL,

33


http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbz106#supplementary-data

C. T. Kazakos & V. Karageorgiou

1111 records identified through database searching ‘ ‘

5 records identified through other sources,
including contact with researchers

|

836 records after duplicates removed ‘

l

‘ 836 records screened for eligibility

‘ 815 records excluded:

Eligibility | Screening | Identification |

798 were irrelevant to the rationale
10 were reviews (1 meta-analysis)
2 included high-risk subjects

1 did not use OCT, ERG or fundus photography
2 letters did not report any measurements
1 abstract included same sample with another study

Unable to retrieve full text or abstract of 1 study

Obtaining
data

Available
data

13 studies for whicl

h IPD were sought

8 eligible studies for which IPD were
not sought

” (3 out of 5 ERG studies were published

prior to 2009, 2 used fundus photography,
1 OCT study reported LCD exclusively)

l

l

5 studies for which IPD were provided (SD-OCT)
371 participants for whom data were provided
Data were provided for all study participants

8 studies for which IPD were not provided

3 studies used TD-OCT, 5 studies used SD-OCT
No response from authors (6), Data unavailable (2)
169 participants (TD-OCT), 286 participants (SD-OCT)

I

17 studies for which aggregate data were available
1233 Participants - 825 (OCT) + 408 (ERG) |«
1 longitudinal study excluded; data were unavailable
2 fundus photography studies excluded (< 3 required)
1 OCT study excluded; single study measuring LCD

IPD meta-analysis (SD-OCT):

4 studies included in data synthesis

pPRNFL thickness diagnostic accuracy:
597 eyes of 347 participants in complete case analysis
(No missing values in any dataset)

Central macular thickness diagnostic accuracy:
392 eyes of 243 participants in complete case analysis
393 eyes of 244 participants in imputed data analysis

e

o GCL-IPL average thickness diagnostic accuracy:
%‘g 322 eyes of 163 participants in complete case analysis
é 332 eyes of 166 participants in imputed data analysis

1 study excluded from data synthesis
< 10 participants in SZ group; inappropriate for SROC
construction and meta-regression
> 50% missingness of pRNFL measurements; macular
volume was included in aggregate data synthesis

Aggregate data meta-analysis (OCT + ERG):

Mean differences of OCT measurements and
standardized mean differences of ERG parameters

(SZ vs healthy controls; published data + complete case IPD)

Superior pRNFL thickness (OCT):

11 studies (1303 eyes of 790 participants) included
Inferior pRNFL thickness (OCT):

11 studies (1303 eyes of 790 participants) included
Nasal pRNFL thickness (OCT):

11 studies (1303 eyes of 790 participants) included
Temporal pRNFL thickness (OCT):

11 studies (1303 eyes of 790 participants) included
Macular volume (OCT):

6 studies (552 eyes of 306 participants) included
Photopic a-wave amplitude (ERG):

4 studies (369 participants) included
Scotopic a-wave amplitude (ERG):

3 studies (323 participants) included
Photopic b-wave amplitude (ERG):

5 studies (391 participants) included
Scotopic b-wave amplitude (ERG):

4 studies (345 participants) included

17 participants (bipolar disorder) excluded (ERG)
11 participants (schizoaffective disorder) excluded (OCT)

Fig. 1. PRISMA-IPD flow diagram. IPD, individual participant data; PRISMA, Preferred Reporting Items for Systematic Reviews
and Meta-Analyses; SZ, schizophrenia subjects; OCT, optical coherence tomography; ERG, electroretinography; TD, time-domain; SD,
spectral-domain; pRNFL, peripapillary retinal nerve fiber layer; GCL-IPL, ganglion cell layer with inner plexiform layer; LCD, lamina
cribrosa depth; SROC, summary receiver operating characteristic curve.

dose was reported in chlorpromazine equivalents® in 7
studies.!#36-394749.5L.34 Three studies excluded participants
with diagnosed diabetes mellitus (DM).*475! Two studies
included a subgroup of treatment-naive patients.**
All 5 ERG studies reported the amplitudes of response
waves under photopic conditions. Only 1 eligible study
did not report ERG measurements under scotopic con-
ditions. One study®! reported an additional ganglion
cell-specific response wave (photopic negative response).
Heterogenous pupil dilation, flash stimuli, and signal
processing hardware were used. All 12 OCT studies meas-
ured pRNFL by segments; these measurements were

34

available for less than 50% of the participants in the IPD
of 1 study,® which was eventually excluded from data
synthesis. Total macular thickness was measured by seg-
ments in 7 studies,'*3"¥43447 macular volume was meas-
ured in 6 studies, 4373414345 whereas GCL thickness in the
macular area was reported in 4 studies.!*¥*447 A Stratus
TD-OCT device was used in 3 studies,’**# a Cirrus
SD-OCT device in 4 studies,!*¥*44 g Spectralis SD-OCT
device in 4 studies,?*4434 and a handheld Leica Envisu
SD-OCT device in 1 study.”’ Five OCT studies?6:#!:434648
and 3 ERG studies®*>* scored less than 6 of 9 in the NOS
(supplementary table S1). A summary of data extracted
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from 2 cohort studies using fundus photography®* is
presented in the supplementary table S2.

Aggregate Data Synthesis

The mean differences, between cases and controls, of
the pRNFL measurements by quadrant were pooled
from 11 studies. The pooled estimates were —4.55 pum,
95% confidence interval (CI): [—8.28, —0.82], 95% pre-
diction interval (PI): [—18.37, 9.27], heterogeneity:
Q =29.59 (df = 11), P = .001, PP = 67.69% for the supe-
rior quadrant; —6.25 um, 95% CI: [-9.46, —3.04], 95% PI:
[-16.65,4.15], heterogeneity: Q = 18.41 (df=11), P = .05,
P = 50.31% for the inferior quadrant; —3.18 pum, 95%
CIL: [-5.04, —1.31], 95% PI: [-8.50, 2.14], heterogeneity:
Q=157 (df = 11), P = .11, P = 34.21% for the nasal
quadrant; and —2.7 pm, 95% CI: [-4.35, —1.04], 95% PI:
[-8.17, 2.77], heterogeneity: Q = 18.81 (df =11), P = .001,
P = 47.19% for the temporal quadrant (figures 2A-D).
The meta-regression analysis did show that, for a single
year increase in age, nasal and inferior pRNFL thick-
ness of cases were significantly reduced on average; the
95% Cls of model coefficients were [—1.03, —0.18] and
[-1.39, —0.11] respectively, and a single-point increase of
the NOS score correlated with significantly reduced su-
perior and inferior pPRNFL thickness effect size in cases;
the 95% Cls of model coefficients were [-4.35, —0.07] and
[3.76, —0.57], respectively (table 2). Egger’s and Begg’s
tests for publication bias were not statistically significant
(refer to supplementary figure S1 for funnel plots, sup-
plementary figure S2 for radial plots, and supplementary
table S3 for statistical testing results). Macular volume
mean differences were pooled from 6 studies; the overall
effect size was statistically insignificant (supplementary
figure S3). Standardized mean differences of ERG re-
sponse waves under photopic and scotopic conditions
were also pooled; a relatively small decrease of wave
amplitudes in cases, along with low between-study heter-
ogeneity, was observed (figures 2E—F). The statistical sig-
nificance of pooled estimates of pRNFL thickness at the
inferior, nasal, temporal quadrants, b-wave amplitudes,
and a-wave amplitudes under photopic conditions was
not altered by removing any of the included studies from
the meta-analysis (supplementary table S4). No statisti-
cally significant differences were found in subgroup com-
parisons of pooled estimates from studies without IPD vs
studies with IPD (supplementary table S5).

Participant Characteristics and Diagnostic Accuracy
Evaluation Based on IPD

The participant characteristics of studies with IPD are
presented in the supplementary table S6. QUADAS-2
quality assessment indicated that diagnostic accuracy es-
timates may be biased due to the case-control design of
all included studies. In addition, 3 studies had not applied

Retinal Changes in Schizophrenia

the reference standard to the controls'***# and 1 study
had not used a structured clinical interview as the refer-
ence standard,* potentially compromising the validity of
the results (figure 3A, supplementary figure S4, and sup-
plementary appendices 8-11). Results of DMA, along
with unadjusted and stratified AUSROC estimates, are
shown in figures 3B—H for right eyes; refer to supplemen-
tary figure S5 for left eye results. Sensitivity and specificity
estimates of right eye measurements, at optimal cutoffs,
were respectively as follows: 0.80, 95% CI: 0.69, 0.88
and 0.21, 95% CI: 0.17, 0.41 (superior pRNFL); 0.62,
95% CI: 0.43, 0.79 and 0.53, 95% CI: 0.34, 0.71 (infe-
rior pRNFL); 0.69, 95% CI: 0.53, 0.82 and 0.37, 95% CI:
0.22, 0.54 (nasal pRNFL); 0.46, 95% CI: 0.25, 0.68 and
0.65, 95% CI: 0.42, 0.82 (temporal pRNFL); 0.60, 95%
CI: 0.36, 0.81 and 0.51, 95% CI: 0.27, 0.74 (central mac-
ular thickness); 0.65, 95% CI: 0.38, 0.85 and 0.47, 95%
CI: 0.23, 0.73 (GCL-IPL average). Estimates based on
left eye measurements were respectively as follows: 0.62,
95% CI: 0.50, 0.71 and 0.50, 95% CI: 0.38, 0.61 (superior
pRNFL); 0.75, 95% CI: 0.56, 0.88 and 0.39, 95% CI: 0.21,
0.60 (inferior pRNFL); 0.60, 95% CI: 0.37, 0.79 and 0.46,
95% CI: 0.25, 0.68 (nasal pRNFL); 0.76, 95% CI: 0.62,
0.86 and 0.29, 95% CI: 0.17, 0.44 (temporal pRNFL);
0.58,95% CI: 0.35,0.78 and 0.56, 95% CI: 0.34, 0.77 (cen-
tral macular thickness); 0.47, 95% CI: 0.20, 0.75 and 0.68,
95% CI: 0.38, 0.88 (GCL-IPL average). Inferior quad-
rant pRNFL thickness, central macular, and GCL-IPL
average thickness at the inferior quadrant demonstrated
fair discriminatory power, but were not diagnostic at the
95% confidence level. Other OCT measurements per-
formed poorly as disease classifiers. Between-subgroup
differences in the estimated AUSROCs were not statis-
tically significant (supplementary table S7). After ex-
cluding smokers from the study by Delibas et al.*® and
hypertensives, as well as participants with DM, from the
study by Silverstein et al.,'* GCL-IPL average became di-
agnostic of SZ (supplementary figure S6). Exploration
of correlations between GCL-IPL average thickness and
disease-specific covariates in 2 eligible studies'** yielded
heterogenous results (supplementary table S8).

Discussion

The main findings of our study were that, based on
available evidence from 11 case-control studies, pPRNFL
measurements were reduced in SZ cases, and that OCT
indices had fair to poor discriminatory potential, unaf-
fected by age and sex, in 4 matched case-control studies.
Narrower Pls for inferior, nasal, and temporal pRNFL
mean differences suggested that future studies of similar
design will likely favor retinal thinning in these quad-
rants.®! Superior quadrant pPRNFL was also significantly
reduced. It is noteworthy that studies of higher quality
reported greater mean differences of inferior and supe-
rior pRNFL thickness (table 2). However, the statistical
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A Inferior pRNFL thickness B Nasal pRNFL thickness
Cases Controls R N N Cases Controls R 5 N
(Subjects/Eyes) OCT device Mean difference (in pm) [95% CI] (Subjects/Eyes) OCT device Mean difference (in pm) [95% CI]
Ascaso et al. (2010)*" 10/20  10/20 Stratus OCT -—-—-— -12.00 [-24.71, 0.71] Ascaso et al. (2010)* 10/20  10/20 Stratus OCT -—- -9.00 [-17.64, -0.36]
Ascaso et al. (2015)* 30/60  30/60 Stratus OCT ~ —a—1! -15.65 [-23.02, -8.29] Ascaso et al. (2015)* 30/60  30/60 Stratus OCT —_— -8.34 [-15.19, -1.48]
Celik et al. (2016)* 81/81  41/41 Spectralis OCT et -9.16 [-22.05, 3.74] Celik et al. (2016)* 81/81  41/41 Spectralis OCT |—-——| -2.30[-7.79, 3.19]
Chu et al. (2012)* 38/76  40/80 Stratus OCT —— 0.11[-6.50, 6.72] Chu et al. (2012)* 38/76  40/80 Stratus OCT —— 0.08 [ -6.56, 6.71]
Delibas et al. (2017)* * 63/126  39/78 Cirrus HD-OCT 4000 il -5.85[-10.07, -1.63] Delibas et al. (2017)* * 63/126  39/78 Cirrus HD-OCT 4000 —0— -5.10 [ -8.20, -2.00]
Lee et al. (2013)* 30/30  30/30 Cirrus HD-OCT 4000 |—-—| -9.60 [-17.50, -1.70] Lee et al. (2013)* 30/30  30/30 Cirrus HD-OCT 4000 —— -4.30[-9.81, 1.21]
Mota et al. (2015)* 20/40  20/40 Spectralis OCT —t—te—  1.35[-13.82, 16.52] Mota et al. (2015)* 20/40  20/40 Spectralis OCT —— 1.97 [-4.11, 8.06]
Samani et al. (2017)* * 35/70  50/100 Leica Envisu C2300 0 -9.15 [-13.35, -4.95] Samani et al. (2017)* * 35/70  50/100 Leica Envisu C2300 —o— -2.24[-6.78, 2.30]
Silverstein et al. (2018)™ * 32/64  32/64 Cirrus HD-OCT 4000 r—<|—| 0.62[-6.73, 7.98] Silverstein et al. (2018)™ * 32/64  32/64 Cirrus HD-OCT 4000 —_— 0.03[-5.46, 5.53]
Topcu-Yilmaz et al. (2018)* * 59/59  36/36 Spectralis OCT ——e——  -0.97 [-18.49, 16.55] Topcu-Yilmaz et al. (2018)* * 59/59  36/36 Spectralis OCT —— 0.88[-4.36, 6.12]
Yilmaz et al. (2015)* 34/68  30/60 Cirrus HD-OCT 400 —0— -4.50[-9.99, 0.99] Yilmaz et al. (2015)* 34/68  30/60 Cirrus HD-OCT 400 = ] -5.64 [ -8.49, -2.79]
Overall 432/694 358/609 < -6.25 [ -9.46, -3.04] Overall 432/694 358/609 < -3.18 [ -5.04, -1.31]
I_I_I.__I_l T T 111
Heterogeneity: (Ilzf;g.g::’/Pw.OS -30 10 0 10 20 Heterogeneity: j}:;g; 520.11 -20 -10 0 5 10
.31% 21% ¢
95% PI: [-16.65, 4.15] Favors thinning ~ Favors thickening 95% PI: [-8.50, 2.14] Favors thinning ~ Favors thickening
in cases in cases in cases in cases
*Studies with IPD *Studies with IPD
C Superior pRNFL thickness D Temporal pRNFL thickness
Cases Controls R N N Cases Controls R N N
(Subjects/Eyes) OCT device Mean difference (in um) [95% CI] (Subjects/Eyes) OCT device Mean difference (in pm) [95% CI]
Ascaso et al. (2010)* 10/20  10/20 Stratus OCT |—-E—1 -8.00[-17.12, 1.12] Ascaso et al. (2010)* 10/20  10/20 Stratus OCT -—f—c —6.00 [-13.90, 1.90]
Ascaso et al. (2015)* 30/60  30/60 Stratus OCT —a— -10.03 [-16.59, -3.48] Ascaso et al. (2015)* 30/60  30/60 Stratus OCT ——t —-3.47 [-7.88, 0.94]
Celik et al. (2016)* 81/81  41/41 P is OCT -4.83[-18.06, 8.40] Celik et al. (2016)* 81/81  41/41 Spectralis OCT l—:I—-l -2.54[-6.01, 0.94]
Chu et al. (2012)" 38/76  40/80 Stratus OCT i -1.08[-6.32, 4.15] Chu et al. (2012)* 38/76  40/80 Stratus OCT —a— -0.61[-4.56, 3.33]
Delibas et al. (2017)%* * 63/126  39/78 Cirrus HD-OCT 4000 —— -8.76 [-13.29, -4.23] Delibas et al. (2017)* * 63/126  39/78 Cirrus HD-OCT 4000 —— -6.56 [ -9.82, -3.30]
Lee et al. (2013)* 30/30  30/30 Cirrus HD-OCT 4000 +—=— : -14.30 [-21.88, -6.72] Lee et al. (2013)* 30/30  30/30 Cirrus HD-OCT 4000 +——8— ~7.07 [-12.29, -1.85]
Mota et al. (2015)% 20/40 20/40  Spectralis OCT ————— -1.01[-15.03, 13.00] Mota et al. (2015)* 20/40 20/40  Spectralis OCT — -3.97[-8.24, 0.29]
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Fig. 2. Mean differences of pRNFL measurements and standardized mean differences of ERG measurements between schizophrenia
cases and controls. (A) inferior quadrant pRNFL thickness, (B) nasal quadrant pRNFL thickness, (C) superior quadrant pRNFL
thickness, (D) temporal quadrant pRNFL thickness, (E) photopic ERG response wave analysis, (F) scotopic ERG response wave analysis.
95% CI, 95% confidence interval; 95% PI, 95% prediction interval; SZ, schizophrenia subjects; OCT, optical coherence tomography; ERG,
electroretinography; pRNFL, peripapillary retinal nerve fiber layer; IPD, individual participant data; HD, high definition.

significance of the superior quadrant mean difference was
lost in the leave-one-out analysis, raising concerns about
its validity. Diagnostic accuracy heterogeneity, between
the 4 studies with IPD, was lower for macular area meas-
urements (ie, GCL-IPL average thickness, foveal macular
thickness). Excluding all reported hypertensives, partici-
pants with DM and smokers slightly improved GCL-IPL
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average diagnostic efficacy, suggesting that these factors
were not responsible for the observed differences between
cases and controls. Both aggregate data and IPD ana-
lyses indicated that the observed differences in pRNFL
thickness were rather small to be clinically meaningful
in diagnosis (supplementary table S5). Although exam-
ining variability in findings of primary studies, we found
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Table 2. Results of Aggregate Data Meta-regression Analysis

Retinal Changes in Schizophrenia

Study-Level Covariate Number of Studies Coefficient (SE) z Statistic P Value 95% CI
Superior pPRNFL mean difference
Percentage of males 11 0-046 (0-205) 0-224 .823 —0-36, 0-445
Mean patient age 11 —0-367 (0-461) -0-8 426 —1-27,0-537
NOS score 11 =221 (1:09) -2:02 .043 —4-35, -0-07
Type of OCT device 11

Time-domain 3 Reference

Spectral-domain 8 2:13 (4:36) 0-49 .63 —10-68, 6-42
Nasal pRNFL mean difference
Percentage of males 11 -0-016 (0-1) —0-165 .87 -0-21,0-18
Mean patient age 11 —0-61 (0-22) —-2-80 .005 —-1-03,-0-18
NOS score 11 —-0-078 (0-69) -0-11 911 —1-28, 1-43
Type of OCT device 11

Time-domain 8 Reference

Spectral-domain 3 —2-58 (2:67) —0-965 335 -7-82,2:66
Inferior pPRNFL mean difference
Percentage of males 11 —0-12 (0-18) -0-69 49 —0-48, 0-23
Mean patient age 11 —0-75(0-33) -2-31 .02 -1-39, -0-11
NOS score 11 —2:16 (0-81) —2:66 .008 -3-76, —0-57
Type of OCT device 11

Time-domain 8 Reference

Spectral-domain 3 —2-82(3-96) -0-71 477 —10-58, 495
Temporal pRNFL mean difference
Percentage of males 11 —0-002 (0-09) -0-017 986 -0-17,0-17
Mean patient age 11 —0-092 (0-213) —0-432 .666 —-0-51, 0-326
NOS score 11 —0-265 (0-611) —0-434 .664 —1-464, 0-933
Type of OCT device 11

Spectral-domain 8 Reference

Time-domain 3 0-05 (2-15) 0-022 983 —4-17,4:27

Note: P values indicating statistical significance of regression coefficients are shown in bold. SE, standard error; 95% CI, 95% confidence
interval of coefficient; pPRNFL, peripapillary retinal nerve fiber layer thickness; NOS, Newcastle-Ottawa scale.

that increased age of sampled cases was correlated with
greater differences in inferior and nasal quadrant pRNFL
measurements from controls (table 2). Two fundus pho-
tography studies showed greater retinal vessel diameters
in both young and elderly SZ patients. ERG amplitude
measurements were reduced in SZ patients, in all eli-
gible studies, and between-study heterogeneity was small.
However, the small number of studies reporting ERG
measurements does not allow for robust inference. Study
quality was moderate to high in OCT studies and mod-
erate to low in ERG studies, thus providing a more solid
base for interpretability in the former indices. The effect
of disease severity, duration, and medication on OCT
measurements remains unclear.

In our study, we demonstrated that a distinct pattern
of retinal changes may be emerging through 3 nonin-
vasive modalities. Both structural and functional as-
sessment of retinal cells indicated deficits in chronically
treated SZ subjects. It is noteworthy that the GCL-IPL
average thickness was the only measurement that out-
performed a random test in the 2 studies that were in-
cluded in TPD meta-analysis'**; this finding is further
supported by significant differences of GCL thickness
in the aggregate data of 2 other OCT studies*** and a
decreased photopic negative response in one ERG study

that measured it>'. The cross-sectional nature of available
data does not allow for solid conclusions regarding the
pathophysiology of the disease. Nevertheless, it can be
hypothesized that the rate of neuronal loss in SZ subjects
is higher than normally anticipated,®? regardless of med-
ication received. This can be observed both in aggregate
data and IPD: studies that included older SZ subjects
reported, on average, slightly lower nasal and inferior
quadrant pRNFL measurements, compared to con-
trols, and, when IPD were available, the discriminatory
ability of inferior, nasal pPRNFL, and GCL-IPL average
measurements was slightly improved in older subgroups,
without those differences reaching statistical significance.
One possible mechanism that could explain such subtle,
ongoing changes in the retina is retrograde transsynaptic
degeneration (RTSD).

RTSD has been described in the human visual system
since late 20th century.®® Tt refers to progressive damage
of ganglion cells secondary to synaptic dysfunction in
the lateral geniculate nucleus in the thalamus, where the
optic nerve fibers are connected. It has been speculated
that thalamic connectivity is disrupted in SZ.3 Given
the complexity and heterogeneity of the disorder, it can
be hypothesized that it also indirectly affects neurons
in the lateral geniculate nucleus, yet these changes are
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Fig. 3. Diagnostic accuracy meta-analysis based on right-eye individual participant data. (A) QUADAS-2 methodological quality
assessment summary, (B) inferior quadrant pRNFL thickness diagnostic accuracy, (C) nasal quadrant pRNFL thickness diagnostic
accuracy, (D) superior quadrant pRNFL thickness diagnostic accuracy, (E) temporal quadrant pRNFL thickness diagnostic accuracy,
(F) central macular thickness diagnostic accuracy (complete case analysis), (G), GCL-IPL average thickness diagnostic accuracy
(complete case analysis), (H) GCL-IPL average thickness diagnostic accuracy (imputed data analysis). Unadjusted and subgroup AUC
estimates are shown. Sensitivity and specificity confidence regions at the optimal cutoff are represented with an ellipse; the center of
the ellipse corresponds to their point estimates. Panel G shows the extra uncertainty due to missing data in Silverstein et al.'* study;

it is based on a nonparametric analytical approach and does not take into account any cutoff information. SROC, summary receiver
operating characteristic curve, AUC, area under the curve, t2, residual variance; pRNFL, peripapillary retinal nerve fiber layer;
QUADAS-2; Quality Assessment of Diagnostic Accuracy Studies 2.
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very slight, probably unrelated to the clinical severity
of the disease—as suggested by exploratory analysis of
IPD. However, it is interesting that retinal cell dysfunc-
tion could be detected with ERG in high-risk subjects as
well.% Furthermore, the only longitudinal ERG study®
found that those deficits were greater at an earlier point
in the course of treatment, which may be conjectured to
imply an attenuation of retinal changes after onset of
treatment. It can be assumed that the rate of neuronal
damage is related with the vulnerability to psychotic at-
tack, but further studies are needed to investigate this.
Another possible explanation would be that, at least in
some patients, such changes may be secondary to cortical
gray matter volume reduction, which has been correlated
with average daily and lifetime intake of antipsychotic
medication.®

Strengths and Limitations of This Study

This was the first study to evaluate the diagnostic accu-
racy of OCT indices in psychiatry; having access to IPD
allowed more stringent analysis. We adjusted for age and
sex, and we explored the effect of potential confounders
(smoking, DM, hypertension) on diagnostic accuracy.
Compared to 2 previously published studies,®’ this meta-
analysis did not apply any language restrictions, included
more than 10 studies reporting pRNFL measurements,
assessed the probability of publication bias more reli-
ably and examined heterogeneity with meta-regression.
Furthermore, we evaluated OCT measurements in the
macular area (GCL-IPL, total macular thickness, mac-
ular volume).

However, several limitations of our study should be
outlined. Adoption of a matched case-control design by
all studies included in quantitative synthesis introduced
bias, which precluded solid conclusions about diagnostic
accuracy.®® Data availability was limited, and virtually
no participants were treatment naive, further hindering
generalizability. Still, subgroup analysis did not indicate
significantly different pRNFL effect estimates between
studies with IPD and the remaining studies (supplemen-
tary table S4). Only 3 studies excluded participants with
diagnosed DM. This condition may cause retinal thin-
ning and can be precipitated by chronic antipsychotic
administration.’” Owing to paucity of data, we did not
adjust for optical spherical equivalent, race, and type of
medication used. CIs calculated from imputed data anal-
ysis may be biased (supplementary appendix 3).

Implications for Future Research

All in all, it is premature to draw definite conclusions
about the potential clinical utility of retinal evaluation
in SZ. Even though it seems that diagnostic accuracy
is limited, the role of these indices in prognostic and
theranostic evaluation remains to be examined. Given

Retinal Changes in Schizophrenia

the comparable findings in studies including high-risk
subjects for SZ,%% it could be hypothesized that retinal
changes may be evident early in the development of the
disease, and this subgroup could be benefited from longi-
tudinal retinal assessment—potentially allowing for risk
stratification and early intervention. A comparative eval-
uation of retinal measurements in SZ spectrum disorders
could elucidate potential differences among these entities.
Longitudinal studies, with population-representative
sampling and evaluation of measurement accuracy and
reproducibility, are warranted; it should be noted that
the potential cost of such studies may be high, given the
small observed differences.

Supplementary Material

Supplementary data are available at Schizophrenia
Bulletin online.
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