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Choice of Analytic Approach for Eye-Specific
Outcomes: One Eye or Two?
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● PURPOSE: To investigate the use of analytic approaches
for eye-specific outcomes in ophthalmology publications.
● DESIGN: A review of analytic approaches used in
original research articles published in ophthalmology
journals.
● METHODS: All 161 research articles published in 5
ophthalmology journals in the first 2 months of 2008
were considered. Publications were categorized according
to analytic approach: 1 eye selected, both eyes contrib-
ute, or per-individual outcome. Studies were considered
suboptimal when criteria for eye selection were not
provided or when measurements from both eyes were
included without interocular correlation being consid-
ered. Visual impairment prevalence data were used to
illustrate analytic approach choices.
● RESULTS: Measurements from both eyes were included
n 38% of the 112 studies that used statistical inferential
echniques. In 31 (74%), there was no mention of
ossible correlation. Only 7% used statistical methods
ppropriate for correlated outcomes. In 35 studies
31%), measurements from 1 eye were selected; 31% of
hese did not provide selection criteria. In 67%, only
nivariate tests were used. A review of 47 articles
ublished in 2011 produced similar findings. Character-
stics of studies were not found to differ according
hether the studies were suboptimal. Using a test appro-
riate for correlated outcomes resulted in a P value 3.5
imes that obtained ignoring the correlation.

● CONCLUSIONS: Between-eye correlation seems not to
e assessed commonly in ophthalmology publications,
lthough its knowledge aids the choice of analytic ap-
roach when eye-specific variables are of interest. Statis-
ical methods appropriate for correlated ocular outcome
ata are not being applied widely. (Am J Ophthalmol
012;153:571–579. © 2012 by Elsevier Inc. All rights
eserved.)
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M EASUREMENTS OBTAINED FROM BOTH EYES OF

an individual often are correlated, that is, mea-
surements obtained in one eye are more likely to

be similar to those of the other eye than to ocular
measurements from an unrelated person. Standard statis-
tical inferential techniques such as t tests, analyses of
variance, confidence intervals, and linear regression are
valid, however, only under the assumption that observa-
tions are independent.1 Simulation studies have demon-
strated that including measurements from both eyes
without adjusting for the correlated nature of the data may
have a substantial effect on the results.2,3 Inclusion of

easurements from fellow eyes without consideration of
heir possible correlation usually results in underestimated
tandard errors, and thus falsely small P values and falsely
recise confidence intervals, with the magnitude of the
roblem increasing as the correlation increases.1,2,4 For

many ocular variables, the correlation between fellow eyes
has been reported to be high. Correlations of approxi-
mately 0.8 have been reported for intraocular pressure
(IOP), cup-to-disc ratio, threshold sensitivity, and short-
wave length automated perimetry parameter pattern stan-
dard deviation data.5,6

Between-eye correlation sometimes can be exploited in
a paired-eyes study design. In both the United States
Diabetic Retinopathy Study7 and the Glaucoma Laser

rial,8 for example, one eye was randomized to receive
treatment, whereas the fellow eye served as the control.
Other analytic approaches include the use of measure-
ments from only 1 eye (selected using defined criteria) or
averaging measurements over the 2 eyes.9,10 Both of these
approaches are statistically valid, but are likely to be
inefficient, resulting in lower power and less precise esti-
mates than when all available measurements are incorpo-
rated. The extent of the loss of statistical information
when averaging is likely to be smaller than when only 1
eye is selected. With both approaches, the loss of informa-
tion is greater when the correlation is low. Correlated
ophthalmic data form a subset of clustered data, having
maximum cluster size of 2. Family, school, periodontal, and
otolaryngologic data also are examples of clustered data.
Methods for the modelling of clustered data have been
developed in recent years, initially in the field of social and
educational statistics,11 but also in medicine.12,13 Both

nivariate and multivariate statistical methods that ac-
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count for the correlations between fellow eyes have been
developed over the past 3 decades.4,6,14–20

A 1998 review of 79 British Journal of Ophthalmology
ublications indicated that many studies failed to use all
he available data and that a substantial proportion used
nappropriate statistical methods.10 To our knowledge, no

review of analytic approaches used in ophthalmology
journals has been published since then. The main aim of
the present study was to summarize the approaches cur-
rently in use to account for correlated measurements
between fellow eyes by reviewing publications in 5 oph-
thalmology journals. A secondary aim is to illustrate the
application of 4 different valid analytic approaches for
correlated binary outcome data.

The article selection process, the exclusion criteria, and
a description of the analytic approaches are presented in
the Methods section below, together with the exploratory
statistical methods used. A univariate test appropriate for
the comparison of correlated binary outcomes and estima-
tion of the intraclass correlation coefficient are also de-
scribed in this section. The Results section presents the
results of the review and the comparison of characteristics
according to whether the articles have a suboptimal
design. The Results section also contains an illustration of
4 valid analytic approaches for the comparison of corre-
lated binary outcomes (the presence of mild visual impair-
ment) and a commonly used incorrect approach. In the
Discussion section, the results are elucidated and discussed
in the context of other studies.

METHODS

● SELECTION AND CATEGORIZATION OF ARTI-

CLES: An ophthalmologist (M.T.) selected 2 general and
subspecialty ophthalmology journals from the top 50% of

he list of 45 ophthalmology journals on the ISI Web of
nowledge (ranked according to their 2007 impact factor).
oth general and subspecialty ophthalmology journals
ere selected to reflect the broad spectrum and the
istribution of analytic approaches in these published
phthalmologic articles. The journals selected were Acta
phthalmologica, the American Journal of Ophthalmology,

he Journal of Cataract & Refractive Surgery, Retina, and the
Journal of Glaucoma. All original articles published in the
first 2 months of circulation in 2008 were reviewed. Acta
Ophthalmologica had February as its first month of
circulation.

A questionnaire consisting of 30 items was developed,
tested, and completed for each published original article.
Questions related to study design, study aims, numbers and
types of variables considered, units of measurement and
analysis, statistical methods used (univariate or multivari-
ate), sample size, and the proportion of missing values were
considered. Study design was ascertained according to the

American Journal of Ophthalmology guidelines. The ques-
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tionnaires were completed by a doctoral student (A.K.)
and a postgraduate physician (N.H.E.) and were che-
cked by a medical statistician (J.M.). All questions
related to study design were reviewed by an epidemiol-
ogist (M.V.).

Articles in which there was no use of statistical infer-
ential techniques were excluded from further analysis.
Subsequently, articles were classified according to the
type of study undertaken. Animal studies and laboratory
experiments were excluded. Using a scheme similar to
that presented by Murdoch and associates, the remain-
ing studies were broadly categorized into the following
groups:10

1. Studies with outcomes measured at the ocular level
in which both eyes are eligible (for at least some
subjects), but measurements from 1 eye are chosen
for inclusion in the statistical analysis, for example,
right or left eye, random selection, dominant eye,
better or worse eye, or the first eye with the condi-
tion.

2. Studies in which only 1 eye from each subject is
eligible for inclusion, for example, the eye that was
operated on or the single eye with the condition of
interest (rare disease).

3. Studies in which some or all individuals contribute
measurements on both eyes in the statistical analysis.
This may be because a paired design is used at the
ocular level, for example, eyes are randomized so
that one receives local treatment and the other
does not. However, it may be because information
from both eyes is used within each treatment
group, either with or without adjustment for the
possible correlation.

4. Studies in which ocular outcomes are summarized per
individual before analysis, resulting in statistical
analysis at the subject level. For example, the average
of the separate measurements in each eye is calcu-
lated or the results are pooled. This category includes
investigations in which information from each eye
separately is not of interest. For example, certain
conditions are diagnosed at the subject level, but use
measurements from both eyes.

It was expected that some studies would have both
eye-specific and per-individual outcomes of interest (eg,
best-corrected visual acuity). Any study in which at least 1
main outcome was eye specific was classed as belonging to
group 1, 2, or 3 as appropriate.

Univariate tests were used to compare the characteris-
tics of studies classed as being methodologically suboptimal
with those of the other studies. Methodologically subopti-
mal studies were those that either (1) included measure-
ments from both eyes without mention, or assessment, of
possible interocular correlation, (2) did not provide the
number of participants, or (3) did not describe the method
used to select the eye chosen for inclusion in the study.

Qualitative variables were compared using the chi-square

OPHTHALMOLOGY MARCH 2012
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test of independence or the Fisher exact test as appropri-
ate. Sample sizes were compared using the nonparametric
Mann–Whitney U test. A 5% significance level was
chosen.

Subsequently, a review of 47 original articles published
in the same 5 journals in February 2011 was undertaken
(50% of the total number of articles published in each
journal) using exactly the same procedure as for the 2008
publications. Differences in proportions (in 2011 and
2008) were compared using Z tests and Newcombe-Wilson
hybrid score confidence intervals.

● A HYPOTHESIS TEST APPROPRIATE FOR THE COM-

PARISON OF PROPORTIONS WITH CORRELATED

OUTCOMES: As described in Fleiss and associates, the
roportions of eyes with a characteristic can be compared
etween 2 samples accounting for the possible correlation,
sing an asymptotic approach with variance inflation
actors applied to adjust the variance of the difference in
roportions and to calculate an asymptotically normally
istributed Z statistic.21

The test statistic is:

z �
p1 � p2

�Var(p1 � p2)

with

Var(p1 � p2) �
p1q1f1

g1
�

p2q2f2

g2

where g1 is the number of eyes in group 1, g2 is the number
f eyes in group 2, and the variance inflation factor for
roup 1 is f1, where

f1 � 1 � ��s1
2 ⁄ n�1� � �n�1 � 1��r1 ,

where r1 is the intraclass correlation coefficient for group 1
and similarly for group 2.

s1
2 and s2

2 represent the variance of the cluster sizes in
roups 1 and 2, respectively, and n�1 and n�2 represent the
rithmetic mean cluster size. When all clusters are the
ame size (ie, all individuals contribute 2 eyes), s1

2 �
s2
2 � 0 and n�1 � n�2 � 2 and the variance inflation factor

simplifies to f1 � 1 � r1.
The test statistic Z has a standard normal distribution in

arge samples, under the null hypothesis H0:p1 � p2. If the
samples are small, the type I error rates are likely to be
inflated.

In the case of binary outcomes, the intraclass correlation
coefficient can be estimated using the formula:

r �
�
i�1

k

�Yi�(Yi� � 1) � 2p(ni � 1)Yi� � ni(ni � 1)p2�

�
i�1

k

ni(ni � 1)p(1 � p)

s given in Fleiss and associates (Equation 15.4, page 443),

here Yi� represents the number of eyes with the outcome

ANALYTIC APPROACHES FOR CORVOL. 153, NO. 3
and so takes values of 0, 1, or 2) for subject i � 1, . . . , K,
hereas p is the total number of eyes with the outcome
ivided by the total number of eyes and ni is the cluster

size.21 If all subjects contribute measurements from both
yes, there is a constant cluster size of 2, that is, ni � 2 for

all subjects. In this case, the formula reduces to the
formula:

P�� � p2

p(1 � p)

here P�� is the proportion of individuals with the
finding in both eyes, as given in Murdoch and associates

TABLE 1. Distribution of the Frequency of Usage of
Analytic Approaches in Clinical Investigations with Eye-

Specific Outcomes (n � 112)a

Analytic Approach Frequency (%)

1. One eye from each subject selected for

inclusion 35 (31.2%)

Right eye 3 (2.7%)

Random selection 6 (5.4%)

Distance-dominant/non–distance-dominant

eye

1 (0.9%)

Clinical criteria:

“Better” or “worse” eye 4 (3.6%)

The first eye to develop the condition 1 (0.9%)

The eye with the condition when present in

both eyes, only 1 was selected 9 (8.0%)

Selection criteria not provided 11 (9.8%)

2. One eye from each subject eligible 23 (20.5%)

The eye that was operated on 18 (16.1%)

Only one eye had the condition, eg, rare

disease 5 (4.5%)

3. Analysis at ocular level, with some or all

subjects contributing measurements from

both eyesb 42 (37.5%)

Paired data (treatment A applied in right eye,

treatment B in left eye) 6 (5.4%)

All subjects contribute from both eyes,

nonpaired 3 (2.7%)

Some subjects contribute only from 1 eye 33 (29.5%)

4. Summary of ocular findings per individual 12 (10.7%)

Average taken of measurements in the 2 eyes

of each subject 1 (0.9%)

“Pooling” of results of each eye, eg, AMD in at

least 1 eye 11 (9.8%)

AMD � age-related macular degeneration.
aIn 5 (4.3%) of 117 studies, there was no information on

whether each subject contributed more than 1 ocular measure-

ment, because the number of participants was not stated. The

analytic approach taken in these 5 studies could not be ascer-

tained.
bThe possibility of between-eye correlation was accounted for

in 11 of the 42 studies (details are provided in the text).
and Thompson.10,20
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RESULTS

● REVIEW OF ORIGINAL ARTICLES: In total, 161 original
rticles published in 2008 were reviewed. Of these, 31
rticles were excluded from further analysis because no
tatistical inferential techniques were used (19.3%). One
undred eighteen (73.3%) of the remaining 130 articles
hat described the results of clinical or epidemiologic
uman investigations were considered further. The other
2 studies comprised 7 animal experiments, 3 laboratory
tudies, an article assessing the flow rate of vitreous cutters
n different viscosity environments, and a study assessing
ays to deal with the problem of missing values. One of

he 118 investigations was a cross-sectional study examin-
ng the attitudes and practices of ophthalmologists in
ssessing primary angle-closure suspects. This study did not
nvolve ocular measurements, so the article was not con-
idered further. Of the remaining 117 original publications,
3 (54%) were judged to have an interventional design, 52
44%) were judged to have an observational design, and 2

TABLE 2. Characteristics of the 117 Cl
Methodologic Short

Median no. of subjects (minimum, maximum)

No. of variables described in the text

1 to 5

6�

Are all the variables described in the text eye

specific?

Yes

No

Type of outcomes considered in study

Only quantitative

Only qualitative

Both

Study design

Prospective

Retrospective

Uncertain/neither

Are there missing values?b

No

Yes

Statistical tests/models applied

Only univariate

Multivariable

aThe 47 studies classed as being methodolog

number of eyes included was more than the nu

possible interocular correlation, 5 studies in wh

studies in which 1 eye was selected, but the se
bIn 5 (11%) of the 47 suboptimal studies and

ascertain whether there were missing data.
2%) had both an interventional and an observational w

AMERICAN JOURNAL OF574
omponent. Seventeen studies (15%) were randomized
ontrolled trials, and 36 were considered to be interven-
ional case series (31%). There were 16 observational case
eries (14%), 6 case-control studies (5%), 6 cross-sectional
tudies (5%), and 2 cohort studies (2%).

The analytical approaches selected in the articles re-
iewed are presented in Table 1. In 5 (4%) of the 117
rticles, the number of participants was not stated, so it
ould not be ascertained whether these studies used infor-
ation from both eyes. For example, in 1 study, it was only

eported that the measurements were from “2000 consec-
tive eyes undergoing surgery.” These studies could not be
lassified (in Table 1). Measurements were selected from 1
ye from each subject in 35 (31%) of 112 articles. Clinical
riteria were used for the choice of eye in 14 (58%) of the
4 articles in which the selection criteria were reported.
andom selection was used in 6 investigations (25%), the

ight eye was selected in 3 investigations (13%), and the
istance-dominant eye was used in 1 study (4%), but in
nly 2 of these studies was it mentioned that the analyses

l Research Studies According Whether
ngs Were Apparent

ies Classified as

thodologically

ptimal (n � 47)a

Studies without Apparent

Methodologic Limitations

(n � 70) P Value

(10, 3654) 66 (6, 7682) .335

(11%) 3 (4%) .265

(89%) 67 (96%)

(11%) 2 (3%) .115

(89%) 68 (97%)

(43%) 46 (66%) .022

(15%) 10 (14%)

(43%) 14 (20%)

(40%) 36 (51%) .500

(45%) 26 (37%)

(15%) 8 (11%)

(74%) 46 (70%) .645

(26%) 20 (30%)

(72%) 44 (63%) .286

(28%) 26 (37%)

suboptimal consisted of 31 studies in which the

r of subjects, but there was no assessment of

e number of subjects was not stated, and 11

n method was not described.

) of the 70 other studies, it was not possible to
inica
comi

Stud

Me

Subo

60

5

42

5

42

20

7

20

19

21

7

31

11

34

13

ically

mbe

ich th

lectio

4 (6%
ere repeated using the other eye. The method of eye
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selection was not reported in 11 (31%) of the 35 studies.
For example, the sentence “Only one eye per patient was
allowed to enter the study” appears in the methods section
of 1 publication, without any further details. The number
of eyes simultaneously included in the analyses was greater
than the number of subjects in 42 (38%) of 112 studies.
Six of these studies had a paired design (14%), 2 used
modelling appropriate for correlated data (generalized
estimating equations), a between-eye correlation coeffi-
cient was calculated in 2 studies (5%), and in 1 of the 42
studies, the statistical analysis was repeated for each eye
separately. In the 31 remaining studies, measurements
made on both eyes were included in the statistical analyses,
without any adjustment for the possible lack of indepen-
dence of the observations (74% of the 42 articles). The
median percentage of patients contributing measurements
from both eyes in these 31 studies was 39% (minimum,
2%; maximum, 100%).

In 94% of the articles, inferential statistical techniques
were applied for more than 1 outcome (110 of 117
publications). In 1 study, for example, main outcome
variables of interest included both total foveal thickness
(in micrometers) and visual acuity (logarithm of the
minimal angle of resolution units), measured in the same
eye. Any study in which at least 1 outcome was eye-specific
was classed as having analytic approach 1, 2, or 3 in Table
1, as appropriate. The median number of participants per
study was 62 (25th percentile, 30; 75th percentile, 162).
Only in 39 investigations (33%) were more than 1
predictor or explanatory variable considered in the statis-
tical analyses; in the remaining 78 (67%), only univariate
methods were applied. The characteristics of the 47 studies
classed as methodologically suboptimal were not found to
differ to any major extent from the other 70 studies (Table
2). The only statistically significant difference (unadjusted
for multiple comparisons) was in the type of outcomes
considered: the suboptimal studies were more likely to
have assessed both quantitative and qualitative outcomes
than those using appropriate selection methods (P �
.022).
Grouping the articles according to their analytic ap-

roach proved challenging in 2 cases. In the first, a
opulation-based prospective study, in one main analysis,
he outcome variable indicated the appearance of reticular
rusen in either eye (so in effect the statistical analysis was
t the subject level), and in a separate analysis, the
elationship between age and reticular drusen was assessed
sing methods appropriate for correlated data to investi-
ate eye-specific risk factors influencing the presence of
isease.22 The study was classified in the “All subjects

contribute from both eyes, nonpaired” subcategory. In the
second publication, different treatments were applied to
distance dominant and nondominant eyes, and subse-
quently outcomes were measured and analyses were under-
taken separately in distance-dominant and non–distance-

dominant eyes. Binocular vision, patient satisfaction, and

ANALYTIC APPROACHES FOR CORVOL. 153, NO. 3
spectacle use also were outcomes of interest.23 The study
was classed in the category “One eye from each subject
selected for inclusion,” subcategory “Distance dominant
eye/non–distance-dominant eye selected” in Table 1.

Of the 47 original 2011 articles reviewed, 9 did not
involve any statistical inferential techniques and 1 study
used rodents. Three (8%) of the 37 remaining original
articles could not be considered further because the num-
ber of participants was not stated. Measurements were
selected from 1 eye from each subject in 14 (41%) of 34
articles. In only 1 study was it mentioned that the analyses
were repeated using the other eye. The method of eye
selection was not reported in 8 (57%) of the 14 studies.
The number of eyes simultaneously included in the anal-
yses was greater than the number of subjects in 15 (44%)
of 34 studies. One of these studies had a paired design and
1 used modelling appropriate for correlated data (general-
ized estimating equations). In the 13 remaining studies,
measurements obtained from both eyes were included in
the statistical analyses, without any adjustment for the
possible lack of independence of the observations (87% of
the 15 articles). Further details are provided in the Sup-
plemental Table. The median percentage of patients con-
tributing measurements from both eyes in these 13 studies
was 28% (minimum, 2.5%; maximum, 60%). The ob-
served proportion of studies with both eyes contributing
measurements was slightly higher in the 2011 articles
(44% in 2011, 38% in 2008; P � .62, with the 95%
confidence interval indicating a proportion between 11
percentage units lower and 25 percentage units higher in
2011), but the proportion of these that do not use methods
appropriate for correlated data also seems to be somewhat
higher, although not to a statistically significant extent
(87% in 2011, 74% in 2008; P � .51, with the 95%
confidence interval indicating a proportion between 14
percentage units lower and 31 percentage units higher in
2011).

No major differences were found in the analytic ap-
proaches chosen in 2008 between general and subspecialty
ophthalmology journals. The percentage of articles in
which correlation was not accounted for was 32% (18 of
57) and 24% (13 of 55) in the general and subspecialty
journals, respectively (95% confidence interval [CI] for
difference, �9% to 24%; P � .47). When the 2 journal
groups were compared using the 2011 data, however, the
following differences were apparent: in the subspecialty
journals, the number of eyes included in the analysis was
greater than the number of subjects in 55% of articles,
whereas the corresponding percentage was 25% in the 2
general ophthalmology journals (95% CI for difference,
�5% to 54%; P � .19). In contrast, a summary measure
(pooling or averaging) was used in 25% of the articles from
general journals, but in none of the subspecialty journals
(95% CI for difference, 3% to 53%; P � .037, Fisher exact
test). The percentage of 2011 articles in which correlation

was not accounted for was 25% (3 of 12) and 46% (10 of
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22) in general and subspecialty journals, respectively (95%
CI for difference, �46% to 13%; P � .29, Fisher exact
test). Because these proportions are based on small fre-
quencies, however, any inferences are limited.

● ILLUSTRATION OF ANALYTIC APPROACHES: Corre-
lated binary outcome data from two independent samples
were compared using different analytic approaches. The
outcome of interest in the present example was the
presence of mild visual impairment from uncorrected
refractive error defined as presenting decimal visual acuity
less than 0.5 (ie, logarithm of the minimal angle of
resolution acuity, � 0.3) with refractive correction, if
worn. The aim was to compare the prevalence of mild
visual impairment between schoolchildren in 2 geograph-
ical areas: Crete, Greece, and Stara Zagora, Bulgaria. Both
eyes were examined in all participants. Further details of
the study design can be found in Plainis and associates.24

The intraclass correlation coefficient was estimated for
each region separately and was found to be relatively high
in both groups: 0.68 in the Greek children and 0.79 in the
Bulgarian children.

When both eyes were included in the analysis and the
correlation adjusted for appropriately using the Z test
described above, the difference in the proportions with
mild visual impairment was statistically significant (P �
021). The results obtained using this analytic approach
nd also 3 others (right eye selected, left eye selected,
nalysis at the level of the individual) are presented in
able 3. In all 4 approaches, a higher proportion of
hildren from Crete had mild visual impairment. The
hoice of either right or left eye resulted in rejection of the

TABLE 3. An Illustration of the Use of 4 Different Analytic
Outcome Data: A Comparison of the Prevalence of Mild Visua

Crete

Region Total No. of Eyes Tested No. of

Approach 1: inclusion of both eyes and application of a univariate

Stara Zagora 322

Crete 602

Approach 2: selection of right eye measurements only and applica

Stara Zagora 161

Crete 301

Approach 3: selection of left eye measurements only and applicatio

Stara Zagora 161

Crete 301

Approach 4: use of clinical critera to define the outcome at the sub

proportions of children with VA � 0.5 in at least 1 eyea

Stara Zagora 161

Crete 301

VA � visual acuity.
aIn Plainis and associates, 28 children from Crete with missing v

frequencies differ slightly from those presented here.23
ull hypothesis in one case, but not in the other: right eye,

AMERICAN JOURNAL OF576
P � .016; left eye, P � .151. The approach taken
reviously with these data had the subject as the unit of
nalysis, with a definition “[visual acuity]�0.5 in at least
ne eye”24: the corresponding P value was .013 (Table 3).

A comparison of the 2 proportions under the incorrect
assumption of independence led to a P value of .006.

DISCUSSION

THE FINDINGS OF THE PRESENT REVIEW INDICATE THAT

interocular correlation is not assessed frequently or ex-
ploited in clinical ophthalmologic studies and that viola-
tion of the statistical assumption of independence remains
fairly common practice. Although the issue of correlated
data in ophthalmic research repeatedly has been raised in
the literature, in the present study, it was found that
interocular correlation was mentioned, assessed, or ad-
justed for in a small proportion of the articles in which the
statistical analysis included measurements from both eyes
simultaneously. The results obtained using the 2011 pub-
lications do not indicate any trend toward more appropri-
ate statistical analyses in the past 3 years. In fact, the
extent of inappropriate use of statistical methods in recent
ophthalmology publications seems to remain similar to
that reported in 1998.10 These findings are not unique to
the ophthalmologic literature: in a 2006 review of ortho-
pedic articles, it was found that 42% of the clinical studies
considered involved the use of 2 limbs or multiple joints
from single individuals without using an appropriate ana-
lytic approach or study design (60 of 143 articles

oaches for the 2-Group Comparison of Correlated Binary
airment in School Children from Stara Zagora, Bulgaria, and
ece

ith VA � 0.5 (%) Test Statistic P Value

ppropriate for correlated data

4.7%) Z � 2.314 .021

9.8%)

f a chi-square test

4.3%) Chi-square � 5.805 .016

11.0%)

a chi-square test

5.0%) Chi-square � 2.071 .151

8.6%)

evel and application of a chi-square test to compare the

5.6%) Chi-square � 6.114 .013

13.0%)

for other measurements were excluded from the analysis, so the
Appr
l Imp
, Gre

Eyes w

test a

15 (

59 (

tion o

7 (

33 (

n of

8 (

26 (
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9 (

39 (
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reviewed).25

OPHTHALMOLOGY MARCH 2012



v
o
t
s

a
r

i
d
p
s
h
m
c

t
g

A finding of note in the present review is the high
proportion of articles in which only univariate techniques
were used, commonly t tests and 1-way analyses of variance
or their nonparametric equivalents, chi-square tests, or
tests of correlation between variables. In none of the
studies that used only univariate techniques did the anal-
ysis account for the possible correlations between fellow
eyes. A univariate method for comparing binary outcomes
with correlated data was illustrated in the present study.
Alternative procedures also have been proposed.26,27 Uni-
ariate nonparametric tests for correlated quantitative
utcomes have been described including tests equivalent
o the Mann–Whitney U test6,19,28 and the Wilcoxon
igned rank test.29 The between-eye correlation was esti-

mated in only 2 articles; the Pearson correlation coefficient
was calculated in both studies. The intraclass correlation
coefficient is the method of choice with clustered data,
that is, when it is not the relationship between 2 different
variables that is of interest, but between pairs of measures
(variables) from the same class.1,21 Various nonparametric
nd parametric methods for estimating the intraclass cor-
elation coefficient have been published.30–33 For quanti-

tative clustered data, the usual approach is to calculate the
intraclass correlation coefficient using within-subject and
between-subject components of variance in a random-
effects 1-way analysis of variance framework.3,31,34 If there
s reason to believe that the 2 observations on each subject
iffer in some systematic way, then a 2-way model is
referred.31 This could be the case if, for example, mea-
urements from the dominant eye are expected to be
igher than measurements from the nondominant eye. A
ethod for calculating the intraclass correlation coeffi-

ient for binary data is provided by Fleiss and associates.29

A statistical model for the intraclass correlation coefficient
also has been presented in the context of analysis of
clustered neuroscience data.35

When measurements are at the ocular level, the extent
to which selecting only 1 eye (as opposed to using both
simultaneously) affects the results depends on the be-
tween-eye correlation, and thus on the variable being
assessed. If the intraclass correlation coefficient is close to
one, then choosing only 1 eye, or taking the average of
both eyes, may not result in a loss of efficiency and may be
logical choices, as long as eye-specific predictors are not of
interest. It also should be noted that the degree of
correlation for a particular characteristic differs according
to other characteristics of the population being studied. In
a recent study, for example, the agreement between eyes in
local response amplitude measurements was weaker for
patients with autosomal recessive Stargardt disease (intra-
class correlation coefficient, 0.52) than subjects without
retinal pathologic features (intraclass correlation coeffi-
cient, 0.79).36

The analytic approaches presented in Table 3 illustrate
hat similar results regarding statistical significance are not

uaranteed by the use of valid, but different, eye selection
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and analytic approaches. It should be noted that the low
prevalence of mild visual impairment in Stara Zagora is
likely to have played a role in the comparisons. For
example, a difference of 2 children with mild visual
impairment in the left eye (6 instead of 8) would have
resulted in a statistically significant result. When analyses
are performed using only 1 eye, it is recommended that
they are repeated using the other eye. Ideally, similar
results are obtained. If not, then there is some doubt about
their generalizability. The choice of analytic approach
depends on the clinical definition of the outcome of
interest. In the mild visual impairment prevalence com-
parison, for example, both an eye-specific analysis and
analysis at the subject level are valid. In the related
publication, the analysis was at the subject level, based on
the definition of a subject having mild visual impairment if
they had decimal visual acuity less than 0.5 in at least 1
eye, according to World Health Organization standards.24

There may be cases in which it is not of interest to
include both eyes in the statistical analysis, and 1 eye is
selected based on clinical criteria (such as those in Table
1). It has been reported in the literature that the use of
clinical criteria for the selection of 1 of 2 fellow eyes is
likely to result in bias.10 However, this will not always be
the case. For example, Rubin and associates showed that
visual acuity in the better-seeing eye can be used as a proxy
for binocular acuity when the latter is not available.37

Thus, within the category of studies with measurements at
the ocular level in which 1 eye is chosen for inclusion,
particular attention needs to be paid to the research
question. Bias may arise with clinical criteria if the results
are to be generalized to all eyes and the condition under
study in 1 eye is not independent of the other eye. If single
eye measurements represent a subject-specific diagnosis,
however, as in the binocular acuity proxy and mild visual
impairment examples described above, then the aforemen-
tioned bias will not be an issue. In the same category of
studies (measurements at the ocular level in which 1 eye is
chosen for inclusion), the selection of right (or left) eye is
considered statistically valid under the assumption that the
consideration in question does not favor a particular eye,
so the results can be generalized. For example, if high IOP,
or conditions associated with high IOP, favor the right eye,
it would not be valid to take IOP measurements in the
right eye of middle-aged men to estimate average IOP in
this age group. Some instances of conditions being more
prevalent in either the left or right eye have been reported,
for example, early glaucomatous defect has been reported
to favor the right eye in Turkish migraine sufferers.38

Although describing the study design of each investiga-
tion was not a primary focus of the present study, we tried
to ascertain the design in each original work, but found
that study design was not always described accurately. In
addition, the handling of missing data often was not
addressed, for example, were all subjects with any missing

data excluded? Were imputation techniques used? How-
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ever, this review focused on the appropriate choice of
analytic technique with correlated ophthalmologic data,
and not on other statistical issues also relevant to the
interpretation of study findings.

A limitation of the present study is that it deals with
relatively simple analytic issues, focusing only on outcome
measures. It is possible that the exposure may differ within
each cluster, that is, between eyes belonging to the same
individual. For the binary outcome hypothesis test illus-
trated above, Fleiss and associates provide details of how to
estimate the variance and intraclass correlation coefficient
when the exposure varies within clusters (pages 446 to
447).21 An example of possibly varying exposure within
clusters is provided in the design of the randomized,
controlled Study for Medical Testing in Cataract Sur-
gery, where eye surgeries were randomized so that the
patient either received routine testing or did not before
surgery.39

In conclusion, the choice of analytic approach in a study
should be made on the basis of the research question and
the extent of interocular correlation. If eye-specific vari-

ables are not of interest, then the most appropriate
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statistical analysis may be at the level of the individual. In
this case, whether fellow-eye data are correlated will not be
a concern. For studies involving eye-specific outcomes, the
findings of the present review indicate that the use of
measurements from only 1 eye remains a common analytic
approach. This approach is statistically valid, but is likely
to be efficient only when the interocular correlation is very
high. The correlation seldom was assessed in the articles
reviewed. In addition, a substantial proportion of the
studies incorporated measurements from both eyes of some
or all subjects without accounting for any possible corre-
lation. Surprisingly, most of the articles reviewed presented
results from only univariate analyses. Both parametric and
nonparametric univariate methods appropriate for corre-
lated ocular data have been proposed in the literature,
although their applicability for each particular study re-
quires careful consideration. To summarize, estimation of
the correlation between fellow eyes seems not to be
undertaken frequently in studies, even though knowledge
of the extent to which the data are correlated aids the
decision regarding the most appropriate analytic approach

when eye-specific outcomes are of interest.
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SUPPLEMENTAL TABLE. Distribution of the Frequency
of Usage of Analytic Approaches in 34 Original Articles

Published in 5 Journals in February 2011a

Analytic Approach Frequency (%)

1. One eye from each subject selected for

inclusion 14 (41%)

Right eye selected 1 (3%)

Random selection of eye 2 (6%)

Clinical criteria:

Better or worse eye 1 (3%)

The first eye to develop the condition 1 (3%)

The eye with the condition was selected;

when both eyes had the condition, only 1

eye was included 1 (3%)

Selection criteria not provided 8 (24%)

2. One eye from each subject eligible 2 (6%)

The eye that was operated on 1 (3%)

Only 1 eye had the condition, eg, rare disease 1 (3%)

3. Analysis at ocular level, with some or all

subjects contributing measurements from both

eyesb 15 (44%)

Paired data (treatment A applied in right eye,

treatment B applied in left eye) 1 (3%)

All subjects contribute from both eyes,

nonpaired 0

Some subjects contribute only from 1 eye 14 (41%)

4. Summary of ocular findings per individual 3 (9%)

Average taken of measurements in the 2 eyes

of each subject 0

Pooling of results of each eye 3 (9%)

aThree (8%) of the 37 eligible studies were excluded because

there was no information on the number of measurements

contributed by each subject, because the number of partici-

pants was not stated.
bThe possibility of between-eye correlation was accounted for

in 2 of the 15 studies: one study had a paired design, the other

used a method appropriate for correlated data.
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