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Abstract

Purpose To determine whether there

were differences in the structure–function

relationship between early and advanced
glaucoma, and study the association between

thickness of discrete macular cell layers,

the thickness of the retinal nerve fiber layer,

and visual field sensitivity.

Methods In all, 71 eyes of 50 subjects

(28 glaucoma patients and 22 normal control

subjects) were included. Thickness of macular

retinal nerve fiber layer (mRNFL), macular
inner retinal layer (mIRL), and macular outer

retinal layer (mORL) were measured from

Stratus optical coherence tomography macular

scans, using our previously published

segmentation algorithm. Visual sensitivity loss

was determined by mean deviation (MD) using

Humphrey Visual Field Analyzer. The mean

thickness for each layer from the normal control
subjects, early, and advanced glaucoma groups

was compared. In addition, a mixed model

analysis was used to explore the relationship

between structure–function, allowing for

possible interaction with glaucoma stage.

Results The mean mRNFL thickness in

early and advanced glaucoma patients was

significantly less than measurements in
normal subjects (Po0.01). The mean mIRL

thickness in advanced glaucoma was

significantly less than normal subjects

(P¼ 0.04). The mean mORL thickness in early

and advanced glaucoma was not statistically

significant different from that of normal

subjects (P40.8). There was no statistically

significant difference in macular structure–
function relationship between the two

glaucoma groups (P40.05). Mean mIRL

thickness was significantly associated

with MD (P¼ 0.04).

Conclusion There was no significant

difference in macular structure–function

relationship between early and advanced

glaucoma groups. Combined data from both

glaucoma groups indicated that mIRL

thickness was associated with visual
sensitivity loss.
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Introduction

The clinical management of glaucoma relies
on accurately identifying and monitoring
structural and functional damage before the
development of irreversible vision loss.
Objective assessment of structural parameters
such as peripapillary retinal nerve fiber layer
(pRNFL) thickness measurement as well as
subjective macular function assessment using
psychophysical testing such as short wave
length and frequency doubling perimetry has
been used for the detection of early glaucoma.1–8

Because psychophysical testing is subjective,
it can be highly variable and depends largely
on the subject’s cooperation. Therefore,
objective structural testing, pRNFL thickness
measurement has been used, as an adjunct
to visual field testing for the detection of
early glaucoma.1–8 However, the measurement
of pRNFL thickness alone is of limited use
as a screening tool for detection of glaucoma
because of the large thickness variation
in normal subjects.9,10 Furthermore,
assessment of pRNFL thickness may not be
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useful for monitoring disease progression in advanced
glaucoma.11

Recent technological advances in analysis of optical
coherence tomography (OCT) macular images have shown
a potential for identifying glaucomatous thickness changes
in specific retinal layers.12–14 In this study, we applied an
image segmentation algorithm developed by us to verify
the extent of thinning of inner retinal cell layers due to
glaucoma, compare macular structure–function
relationship between early and advanced glaucoma, and
determine the significance of association between
thickness of discrete macular cell layers, the thickness of
the retinal nerve fiber layer, and visual sensitivity loss.15

Materials and methods

This cross-sectional study was conducted at the
University of Illinois at Chicago, Chicago, IL, USA.
Each participant signed an informed consent document,
which was approved by an Institutional Review Board
at the University of Illinois.
The diagnosis of glaucoma was based on presence of

characteristic glaucomatous optic neuropathy with loss of
neuroretinal rim, with or without corresponding visual
field defect. All glaucoma subjects underwent
comprehensive ophthalmic evaluation and Humphrey
Field testing (Carl Zeiss Meditec, Dublin, CA, USA). The
visual field sensitivity was measured by Humphrey Visual
Field Analyzer (Carl Zeiss Meditec) using the program
24-2, Swedish interactive threshold algorithm standard.
The degree of visual function damage was determined

based on one reproducible visual field. Visual field defect
was defined as abnormal glaucoma hemifield tests
and/or the presence of three or more significant
non-edge points including a point with at least one at the
Po0.5% on pattern deviation plots.16,17 The severity was
determined by mean deviation (MD). For an eye to be
included in the early glaucoma group the MD was
greater than #6dB and for an eye to be included
in the advanced glaucoma group, MD was equal to or less
than #6dB.16,17 Seven eyes with glaucomatous optic nerve
damage without visual field defects were included in the
early glaucoma group. Exclusion criteria included visual
acuity worse than 20/40, unreliable visual field (defined
as 425% fixation losses, or 33% false negative and false
positive), coexistent retinal disease, or optic nerve
structural abnormalities other than cupping, moderate to
severe media opacities, and inability to obtain optimal
OCT images. The normal control subjects were selected
from amongst employees of the UIC Eye Center and their
relatives and associates. None of these subjects had ocular
hypertension, retinal, or optic nerve abnormalities.
In all, 71 eyes of 50 subjects, 28 glaucoma patients

(66±11 years), and 22 normally sighted control subjects

(58±11 years), were recruited for the study.
Glaucomatous eyes were classified as early (N¼ 24) or
advanced (N¼ 25). In the control group, there were
20 White, 1 African American, and 1 Hispanic subjects,
and there were 14 females and 9 males. In the glaucoma
group, there were 8 White, 16 African American,
3 Hispanic, and 1 Asian subjects, and there were
14 females and 14 males. In 21 glaucoma patients, both
eyes were eligible for the study. The control subjects were
8 years younger than the glaucoma patients (P¼ 0.02).

Image acquisition and analysis

OCT imaging was performed using a Stratus OCT
(Carl Zeiss Meditec). Six radial macular OCT scans, each
6mm in length, were acquired. Each radial OCT scan was
1024 pixels (2mm) in depth and 512 pixels (6mm) in
length. The depth and lateral resolutions were 10 and
20 mm, respectively. The raw grayscale OCT images were
exported for analysis. All OCT images had signal
strengths X5 and displayed clear boundaries stratifying
retinal layers. Our previously developed software
program was used to segment the OCT image by the
following steps: (1) alignment of A-lines; (2) gray-level
mapping; (3) directional filtering; (4) edge detection; and
(5) model-based decision making.15 The software allowed
thickness measurement of three retinal layers, whereas
the instrument’s software only allows measurement
of total retinal thickness. On each OCT image, three
boundaries were detected automatically by the
segmentation algorithm. These boundaries were
(1) inner limiting membrane; (2) boundary between
RNFL and inner plexiform layer and ganglion cell layer
(IPLþGCL); and (3) inner and outer photoreceptor
interface. The algorithm measured thickness of the
following three retinal layers: RNFL, inner retina layer
(IRL¼ IPLþGCLþ INLþOPL), and outer retina layer
(ORL¼ outer nuclear layer and photoreceptor inner
segments). These three retinal layers are marked on
a sample OCT scan shown in Figure 1. Thickness
measurements derived from six radial scans were
combined to generate a thickness map for RNFL, IRL,
and ORL in each eye. The main outcome measures were
means for mRNFL, macular IRL (mIRL), and macular
ORL (mORL) thickness. The repeatability of mRNFL,
mIRL, and mORL thickness measurements were
previously established to be 3, 15, and 6mm,
respectively.15

Statistical analysis

The mean thickness for each retinal layer measured
by OCT in the three groups, normal subjects, early,
and advanced glaucoma, was compared using
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Tukey-adjusted comparisons. The relationship between
structural measures (mean thickness for each macular
layer) and functional measures (MD) was determined
for early and advanced glaucoma using mixed model
analysis, which adjusted for the correlation between
measurements obtained from both eyes of the same
individual. The interaction test was used to determine
the difference of the structure–function relationship

between the two glaucoma stages. When the interaction
test was not significant, it was removed from the model,
allowing the determination of the association between
structural measures and functional measures across both
groups to be analyzed. All statistical analyses were
performed with SAS version 9.1 (SAS Institute, Cary, NC,
USA). A P-value o0.05 was considered to be statistically
significant.

Results

Compiled mRNFL, mIRL, and mORL thickness maps
generated by averaging measurements obtained in
normal subjects, early, and advanced glaucoma patients
are shown in Figure 2. The mRNFL thickness was highest
near the optic nerve head and a considerable thinning
was observed in early and advanced glaucoma group as
compared with normal subjects. The mIRL thickness
showed increased thickness in the parafoveal ring and
was thinner in early and advanced glaucoma as
compared with normal subjects. The mORL thickness
was not significantly different in glaucoma groups
as compared with normal subjects.
The average MD was #1.5±2.1 dB for the early

glaucoma group (N¼ 24), and #12.9±5.9 dB for the

Figure 1 A typical example of a horizontal OCT radial scan
from a left eye. The left and right sides of the image correspond
to nasal and temporal retina, respectively. The image segmenta-
tion algorithm automatically detected retinal cell layer bound-
aries and measured thickness of retinal nerve fiber layer (RNFL),
inner retina layer (IRL), and outer retina layer (ORL). These
three retinal layers are marked by arrows on the image.
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Figure 2 Compiled thickness maps generated from data in normal, early, and advanced glaucoma subjects. Combined maps
correspond to a right eye with nasal (N) and temporal (T) retina marked on the right and left upper corners, respectively. Thickness
maps of macular retinal nerve fiber layer (mRNFL), macular inner retina layer (mIRL), and macular outer retina layer (mORL) are
shown in pseudocolor. Color bar represents thickness values in microns.
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advanced glaucoma group (N¼ 25). The average cup to
disc ratio was 0.78±0.11 for the early glaucoma group
(N¼ 24), and 0.86±0.08 for the advanced glaucoma
group (N¼ 25). Table 1 summarizes the comparison of
mean thickness and SEM for macular cell layers for
the three groups. The mean mRNFL thickness in the
advanced glaucoma (16±2 mm; N¼ 25) was significantly
lower than thickness in early glaucoma (24±2 mm;
N¼ 24; P¼ 0.003). The mean mRNFL thickness in early
and advanced glaucomatous eyes was significantly lower
as compared with thickness in normal eyes (35±2mm;
N¼ 22; Po0.001).
The mean mIRL thickness in advanced glaucomatous

eyes (125±3 mm) was significantly lower as compared
to thickness in normal eyes (P¼ 0.04). However, there
was no statistically significant difference in the mIRL
thickness between early glaucomatous (128±3mm) and
normal eyes (135±3mm; P¼ 0.22). In addition, there
was no statistically significant difference in the mORL
thickness between advanced (73±2mm) or early
glaucomatous (72±2 mm) and normal eyes (73±2mm;
P40.8).
The interaction test showed that the structure–function

relationship was not significantly different between
early and advanced glaucoma patients (P¼ 0.40 for
mRNFL vsMD; P¼ 0.39 for mIRL vsMD; and P¼ 0.35 for
mORL vs MD) Given that result, the association between
the structure–function measures across both groups
was determined. Of all macular cells layers, regression
analysis showed that mean mIRL thickness was
significantly associated with MD (P¼ 0.04; Table 2).
Specifically, the regression line slope of 0.12 estimates
that decrease in the mIRL thickness by 10 mm would
yield an approximate 1.2 dB decrease in functional
measure (MD). Figure 3 shows scatter plots between
structure–function for each macular layer.

Discussion

In this study, we applied our previously developed
image segmentation algorithm to investigate the

presence of thinning of mRNFL and mIRL (GCLþ IPL) in
early and advanced glaucoma. From our cohort, thinning
of mRNFL was present in both early and advanced
glaucoma, whereas the mIRL thickness was significantly
reduced only in advanced glaucoma. Furthermore, we
found no statistically significant difference in the
structure–function relationship between early and
advanced glaucoma. Of all macular cell layers, the mIRL
thickness was significantly associated with glaucomatous
visual field sensitivity loss.
We found that measurement of mRNFL thickness had

the ability to distinguish early (MD, #1.5 dB) and
advanced (MD, #12.9 dB) glaucomatous changes,
consistent with previous reports.13,14 However, mIRL
(GCLþ IPLþ INLþOPL) thickness was similar in early
glaucoma and normal subjects. This finding differed
from the results reported by Tan et al who found a
statistically significant difference in GCLþ IPL thickness
between glaucoma suspect/pre-perimetric glaucoma
(MD¼ 0.13 dB) and control groups. In contrast to this
study, Tan et al14 reported an area-weighted thickness
average excluding the fovea (1.5mm), which may have
contributed to the difference in our findings. However,
our observation is supported by findings of a previous
experimental glaucoma study that demonstrated a
reduction in axon thickness before shrinkage of the
ganglion cell soma suggesting mRNFL thinning would
be more evident in the early glaucoma.5,18 In advanced

Table 1 Comparison of mean thickness for macular cell layers among normally sighted control, early, and advanced glaucoma
groups

Retinal cell layer Thickness (mean±SEM in mm) Tukey-adjusted comparison P-values P-values

Control
(N¼ 22)

Early
(N¼ 24)

Advanced
(N¼ 25)

Control
vs early

Control vs
advanced

Early vs
advanced

Among all
groups

mRNFL 35±2 24±2 16±2 0.0009* o0.0001* 0.003* o0.0001*
mIRL 135±3 128±3 125±3 0.22 0.04* 0.45 0.05*
mORL 73±2 72±2 73±2 0.85 0.99 0.80 0.78

Abbreviations: mIRL, macular inner retinal layer; mORL, macular outer retinal layer; mRNFL, macular retinal nerve fiber layer.
Asterisks (*) indicate statistical significance (Po0.05).

Table 2 The association between thickness of macular cell
layers and visual field sensitivity loss

Macular cell layer thickness vs
visual field sensitivity loss

Slope P-values

mRNFL vs mean deviation 0.11 0.13
mIRL vs mean deviation 0.12 0.04*
mORL vs mean deviation #0.05 0.58

Abbreviations: mIRL, macular inner retinal layer; mORL, macular outer
retinal layer; mRNFL, macular retinal nerve fiber layer.
Asterisks (*) indicate statistical significance (Po0.05).
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glaucoma with the presence of greater retinal ganglion
cell loss, thinning of the mIRL is expected to become
more prominent, consistent with our findings. When
compared with mRNFL thickness, the mIRL thickness
was reduced to a lesser degree in glaucoma patients. This
may be because the ganglion cell soma is less affected in
early glaucoma and/or there may be an increase in non-
neuronal tissue after ganglion cells degenerate.
In this study, we found a lack of significant correlation

between mRNFL thickness and visual sensitivity loss.
However, Leung et al5 reported highly significant but
moderate correlation (r¼ 0.39; Po0.001) between the
mRNFL and MD. It is difficult to directly compare our

results with Leung’s report, as it was not clear whether
they combined the data from normal, glaucoma suspect,
and glaucoma groups. Furthermore, the glaucoma
patients in our study had a greater loss of visual
sensitivity and reduction in mRNFL thickness, which
may have caused our data to be more susceptible to
the ‘floor’ effect. Specifically, the presence of extensive
damage with very thin RNFL tends to reduce
signal-to-noise ratio.
In addition, the lack of significant difference in

structure–function relationship between the early and
advanced groups may be attributed to the fact that
both groups had significant visual functional loss and
optic disc morphological abnormalities, reflecting a
more advanced stage on the glaucoma continuum.
Nevertheless, our analysis showed that the mIRL
thickness, not mRNFL was significantly associated with
glaucomatous visual sensitivity loss. This finding
suggests that mIRL thickness measurement might be
useful for monitoring disease progression, as an adjunct
to the visual field testing, after the diagnosis of glaucoma
is established. Our analysis estimates that decrease in the
mIRL thickness by 10mm would yield an approximate
1.2 dB decrease in functional measure (MD).
Our study had some limitations. First, our normal

control group was younger than glaucoma groups.
However, we found on average 30 and 52% thinning of
the mRNFL and 3 and 8% thinning of the mIRL in early
and advanced glaucoma, respectively. The magnitude
of these abnormalities exceeds what would be expected
from age-related changes alone (0.2–0.27% per year for
RNFL and 0.5–0.6% per year for GCL).19 Similarly, it is
not likely that our results were affected by the racial
differences between our control and glaucoma groups
(predominately Caucasian in the control group and
African American in the glaucoma group). Currently
normative data on racial differences in the thickness
for each retinal layer is not available. Previous studies
reported a difference of only 2–5% in total macular
thickness within the inner 3-mm sector between African
Americans and Caucasians and no significant difference
in the 6-mm outer sectors.20,21 Second, refraction and
axial length might affect the OCT measurements;
however, these data were not included, as they were not
available for all subjects.22 Third, visual function as
measured by Humphrey visual field 24-2 covers some
area outside tested retinal thickness mapping (6$ 6mm).
Given the characteristic pattern of RNFL in the macula,
as retinal nerve fibers within the central macula extend
over temporal retina (nasal visual field), it is estimated
that the central macular scans would correspond to
B60% of an area tested by Humphrey 24-2. The 24-2
protocol was selected for the study, as it is a gold
standard for visual field testing and it includes the nasal

Figure 3 Relationship between thickness of macular cell layers
and visual sensitivity loss.
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visual field, which is commonly affected in early
glaucoma. In addition, the 24-2 protocol is not only fast
and reliable, but also provides MD, representing the
overall stage of glaucoma. Lastly, as averaged values of
thickness and visual field loss were used for analysis,
mild and/or local abnormalities in early glaucoma
were likely disregarded. Nonetheless, despite limitations,
the presented protocol and analysis demonstrate that
averaged mRNFL thickness, not averaged mIRL
thickness could detect early changes in glaucoma and
averaged mIRL thickness was significantly correlated
with overall visual function (MD) after glaucomatous
changes were established.
In conclusion, our findings suggest that mean mRNFL

thickness assessment may be appropriate for early
detection of glaucoma, whereas mean mIRL thickness
may be better suited for monitoring disease progression
after glaucoma diagnosis is established. Overall,
thickness measurement of macular retinal layers by
OCT has a potential to complement both peripapillary
structural and macular functional measures and help
improve the clinical management of glaucoma patients.
Future studies using spectral-domain OCT technology
with eye-tracking capability will allow local comparative
assessment of structural–function relationship in
glaucoma.
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