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Purpose: To assess the structure-function relationship in glaucoma using Humphrey
visual field (HVF) perimetry and a three-dimensional neuroretinal rimparameter derived
from spectral domain optical coherence tomography (SD-OCT) volume scans.

Methods: Structure-function correlation was analyzed globally and regionally (four
quadrants and four sectors). Structural data included peripapillary retinal nerve fiber
layer (RNFL) thickness and minimum distance band (MDB) neuroretinal rim thick-
ness, defined as the shortest distance between the inner cup surface and the outer
retinal pigment epithelium/Bruch’s membrane complex. Logarithmic regression analy-
ses were performed and Pearson correlation coefficients determined to assess relation-
ship strength.

Results: The study consisted of 102 open-angle glaucoma patients and 58 healthy
subjects. The Pearson correlation coefficient for global MDB thickness (R = 0.585) was
higher than for global RNFL thickness (R = 0.492), but the difference was not statisti-
cally significant (P= 0.18). The correlation coefficients for regional MDB thicknesses and
corresponding HVF sensitivities were higher than those for regional RNFL thicknesses
and HVF in six out of eight regions (P = 0.08 to 0.47). In the remaining two out of eight
regions, the correlation coefficients were higher for RNFL thickness than for MDB thick-
ness (P = 0.15 to 0.20).

Conclusions: Three-dimensional MDB neuroretinal rim thickness relates to visual
function as strongly as themost commonly used SD-OCT parameter for glaucoma, two-
dimensional peripapillary RNFL thickness.

Translational Relevance: This paper illustrates the potential for 3D OCT algorithms to
improve in vivo imaging in glaucoma.
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Introduction

Glaucoma is a progressive disease that causes
structural and functional damage.1 Most structure-
function studies have focused on retinal nerve fiber
layer (RNFL) thickness measurements and have used
theCirrus (Carl ZeissMeditec, Inc., Dublin, CA,USA)
and Spectralis (Heidelberg Engineering, Heidelberg,
Germany) spectral domain optical coherence tomog-
raphy (SD-OCT) machines.2–10 These studies demon-
strate only moderate correlation between Humphrey
visual field (HVF) testing and SD-OCT RNFL
thickness measurements, with correlation coefficients
ranging from 0.203 to 0.726.6,8,10–12 RNFL thickness
and HVF testing may have limited structure-function
correlation because 1) RNFL thickness measurements
have artifact rates ranging from 15.2% to 58.5%,4,13–15
2) RNFL thinning may not occur at the same time
as HVF loss, and 3) individual variability in healthy
eyes may give rise to structure-function discordance in
patients with glaucoma.16

Compared to RNFL structural measurements,
newer 3D neuroretinal rim measurements may better
reflect the structure-function changes that occur
in glaucoma, because these parameters have fewer
artifacts, with only 7.4% of scans affected17 compared
to 15.2% to 58.5%13–15 of 2D RNFL thickness
scans. Three-dimensional neuroretinal rim parameters
have the additional benefit of having equal or better
diagnostic capability for glaucoma compared toRNFL
thickness.16,18–24 The concept of a reference-plane
independent 3D neuroretinal rim parameter was first
described by Povazay and was published as Minimum
Distance Mapping area.24 This concept, renamed the
minimum distance band (MDB), was later validated
by Chen and de Boer, who were the first to demon-
strate that neuroretinal rim thickness and not area had
better correlation with clinical data (i.e., disc photos
and visual fields).21–23 The commercial iteration of
this concept, termed the Bruch’s membrane opening-
minimum rim width (BMO-MRW) by Chauhan et al,
thus focuses on neuroretinal rim thickness and not
area.18,25 These parameters differ in the scan proto-
col from which neuroretinal rim thickness and area are
calculated. They also differ in the definitions of the
OCT-based disc border, with the MDB defining the
disc border as the retinal pigment epithelium–Bruch’s
membrane (RPE/BM) complex and the BMO-MRW
defining the disc border as the BMO.

Using current commercially available neuroreti-
nal rim software, neuroretinal rim structure-function
studies have shown moderate correlation with HVF
data. For example, using the Cirrus SD-OCT, Pollet-

Villard et al.8 found correlation coefficient values that
were higher for BMO-MRW compared to RNFL
thickness (e.g., 0.658 vs. 0.598 for the inferior-temporal
region, P < 0.01). In another study using the Spectralis
SD-OCT, Muth et al. cited correlation coefficients
ranging from 0.353 to 0.689 for global BMO-MRW;
however, they did not compare BMO-MRW values
with RNFL parameters.26 Therefore, while commer-
cially available BMO-MRW values derive either from
low-density radial scans (i.e., Spectralis) or from scans
without averaging (i.e., Cirrus), it is unknown whether
an experimental high-density scan protocol with more
averaging would improve structure-function correla-
tion.

Therefore, we hypothesized that the 3D neuroreti-
nal rim parameter, MDB thickness, will exhibit better
structure-function correlation with HVF testing than
RNFL thickness for two key reasons. First, the MDB
thickness is derived from an experimental high-density
193 raster-line optic nerve volume scan, which contains
more information than both the 2D RNFL thick-
ness scan and the 24-line radial scan from which
BMO-MRW derives. Second, the classic Garway-
Heath structure-function map was originally designed
for the neuroretinal rim,27–29 and other maps such
as the Kanamori and Wirtschafter maps were devel-
oped to better correlate RNFL changes with HVF
changes.30,31 To the best of our knowledge, this is the
first study which uses the Garway-Heath structure-
function map to correlate 3D MDB neuroretinal rim
thickness with HVF testing in both normal and open-
angle glaucoma patients.

Materials and Methods

Study Participants

All study participants were recruited from the
Massachusetts Eye and Ear Glaucoma Service and
imaged between January 2009 and January 2015 as a
part of the ongoing prospective Spectral Domain OCT
in Glaucoma study. The study protocol was approved
by theMassachusetts Eye and Ear Institutional Review
Board.Written informed consent was obtained from all
study participants. The study was conducted in accor-
dance with the tenets of theDeclaration of Helsinki for
research involving human subjects and with the Health
Insurance Portability and Accountability Act.

All participants had complete ophthalmologi-
cal examination by a glaucoma specialist (T.C.C.),
including history, visual acuity testing, refraction,
Goldmann applanation tonometry, slit lamp biomi-
croscopy, gonioscopy, ultrasonic pachymetry, dilated
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ophthalmoscopy, stereo disc photography (Visucam
Pro NM; Carl Zeiss Meditec, Inc.), HVF testing
(Swedish Interactive Threshold Algorithm or SITA
24-2 standard test of the HVF analyzer 750i; Carl
Zeiss Meditec, Inc.), and RNFL thickness scans
obtained from the Spectralis OCT (HRA/Spectralis
software version 5.4.8.0, Heidelberg Engineering
GmbH, Heidelberg, Germany).

Participants were included if they had a spher-
ical equivalent between –5.00 and +5.00 diopters.
Only participants with reliable HVF testing, defined
as fixation losses ≤33%, false positives ≤20%, and
false negatives ≤20%, were included. Participants were
excluded if they had congenital anterior chamber
abnormalities, corneal opacities or scarring, severe
diabetic retinopathy, undilated pupil diameter of 2 mm
or less, or HVF loss attributable to a nonglaucoma
condition (i.e., retinal scarring, ischemic optic neuropa-
thy, etc.). Only scans with a signal strength of 15 or
higher were included. Scans also had to have a clear
fundus image during image acquisition and a contin-
uous scan pattern without missing or blank areas.
Patients were only included if they were able to have
their dilated eye exam and testing (disc photography,
HVF testing, SD-OCT testing) on the same day.

Patients with primary open-angle glaucoma,
normal tension glaucoma, pseudoexfoliation
glaucoma, and pigmentary glaucoma were included
if they had best corrected visual acuities of 20/70
or better. The diagnosis of glaucoma was defined as
characteristic optic nerve head changes (rim thinning,
rim notching, Drance hemorrhages, etc.) with corre-
sponding HVF defects. An HVF was classified as
abnormal if three or more contiguous test locations
in the pattern standard deviation plot were depressed
significantly at the P < 0.05% level with at least one at
the P < 0.01% level on the same side of the horizontal
meridian.32

Normal participants were defined as those without
ocular diseases except for mild cataracts and those with
normal visual field results. Best corrected visual acuity
was 20/40 or better. Patients were excluded if they had
disc asymmetry greater than 0.2.

Experimental Scan Protocol with
Custom-designed Optic Nerve SD-OCT
Software

The experimental scan protocol was performed
using the Spectralis SD-OCT machine (Heidelberg
Engineering, Heidelberg, Germany). It consisted of
a 6 × 6 mm, high-density volume scan comprised
of 193 B-scans in raster pattern centered over the

Figure 1. Minimum Distance Band. A) In this B-scan image inter-
secting the optic nerve head, the yellow arrows indicate the
minimum distance band thickness, which represents the shortest
distance between the termination of the retinal pigment epithe-
lium/Bruch’s membrane complex (red line) and the internal limiting
membrane or cup surface (green line) in the plane of the B-scan. B)
A three-dimensional rendering of the neuroretinal rim illustrates the
minimum distance band area (blue shaded band) in a normal eye
(left) and a glaucomatous eye (right).

optic nerve, with an automated real time of three.
Raw data was downloaded as a series of images in
PNG format. A custom-designed program was coded
in C++ using the Open CV, ITK, and VTK libraries
(E.T.) to calculate MDB neuroretinal rim parameters.
The program automatically segmented the RPE/BM
complex and the internal limiting membrane (ILM) in
each of the 193 B-scans comprising each volume scan
(Fig. 1A). The segmented frameswere then individually
inspected, and those containing errors in segmentation
were manually selected for automatic correction (i.e.,
interpolation) by the software.

The program identified the optic disc margin based
on the termination of the RPE/BM complex, and the
margin was represented by 100 circumferential points
spaced apart by 3.6° around the optic nerve. MDB
neuroretinal rim thickness was defined as the shortest
distance between these points and the ILMcup surface.
MDB area was calculated by taking two adjacent
points on the disc margin and their corresponding
nearest points on the cup surface as the vertices of a
quadrilateral. The quadrilateral was divided into two
triangles, and the area of each triangle was calcu-
lated using Heron’s formula. The triangle areas were
summed. The process was repeated around the disc
margin to produce the totalMDB area (Fig. 1B).MDB
thickness and area were calculated for the overall 360°
(global), for 90° quadrants (inferior, superior, nasal,
temporal), and for 45° sectors (superior-temporal,
superior-nasal, inferior-temporal, inferior-nasal). The
program was described in detail previously.21,22
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Figure 2. Structure-function correspondence map according to Garway-Heath et al.

Determination of HVF Sensitivities for
Structure-Function Correlations

HVF SITA 24-2 total deviation values were
recorded for 52 points. These 52 points were grouped
into six sections (superior-temporal, superior-nasal,
nasal, inferior-nasal, inferior-temporal, and temporal)
based on the topographic relationships between visual
field locations and corresponding regions of the optic
disc as previously described by Garway-Heath et al.
(Fig. 2).28 For this study, HVF total deviation values
were converted to a linear scale using the formula
1/Lambert = (10)0.1*dB and the average values for
each group were calculated. Details can be found
elsewhere.33

Statistical Analyses

Demographic data for the normal and glaucoma
groups were compared using χ2-test for categorical
variables and Student’s t-test for continuous variables.
Logarithmic regression analyses were performed
to evaluate the relationship between structural and
functional measures globally and in the quadrants
and sectors.34 Pearson correlation coefficients (R) were
used to state the strength of the relationships. For
comparative purposes only, correlation was defined as
strong (0.80 < R ≤ 1.0), moderate (0.40 < R ≤ 0.80),
or weak (R ≤ 0.40).35 A scatter plot with logarithmic
fit curve was also generated to show the relation-
ship between visual field total deviation and RNFL
thickness/MDB thickness for each quadrant and for
each sector. To assess the statistical significance of
the difference between the correlation coefficients for
MDB thickness and RNFL thickness, Fisher r-to-z
transformation online calculator test was used.36 SAS

statistical software version 9.4 (SAS Institute Inc.,
Cary, NC) was used for all analyses. Descriptive statis-
tics were reported as mean ± standard deviation (SD).
Statistical significance was set at P < 0.05. Only one
eye per patient was randomly selected using a random
number generator statistical table for the analysis.

Results

Characteristics of the Normal and Glaucoma
Patients

Of the 102 glaucoma patients, 69 (67.6%) had
primary open-angle glaucoma, 13 (12.7%) had normal
tension glaucoma, 14 (13.7%) had pseudoexfoliation
glaucoma, and 6 (5.9%) had pigmentary glaucoma.
The glaucoma group had proportionately fewer
females (47 of 102 glaucoma subjects versus 40 of
58 normal subjects, P = 0.005, Table 1) and older
age (68.1 ± 11.9 years versus 54.3 ± 15.5 years, P
< 0.0001, Table 1) compared to the normal group.
Glaucoma patients also had worse total and mean
deviation and higher pattern standard deviation on
visual field testing (Table 1). The groups were similar
in eye laterality, refractive error, and race.

Correlation Between SD-OCT Structural
Parameters and Visual Field Data

Table 2 shows the Pearson correlation coefficients
for the relationship between the SD-OCT structural
parameters (RNFL thickness, MDB thickness, and
MDB area) and the Humphrey visual field data
(mean total deviation) for each region in the normal
and glaucoma groups. For the glaucoma group,
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Table 1. Demographic Characteristics of the Normal and Glaucoma Participants

Normal Glaucoma P Value

Number of eyes 58 102
Number of right eyes/left eyes 32/26 52/50 0.61
Age (years) 54.3 ± 15.5 68.1 ± 11.9 <0.0001
Gender (female/male) 40/18 47/55 0.005

Refractive error
Spherical equivalent (D) −0.38 ± 1.74 −0.62 ± 1.79 0.42
Visual field*

Total deviation (dB) −1.16 ± 1.95 −6.87 ± 4.92 <0.0001
Mean deviation (dB) −1.43 ± 1.93 −11.56 ± 7.40 <0.0001
Pattern standard deviation (dB) 1.52 ± 0.29 8.32 ± 3.24 <0.0001

Race, no. (%) 0.19
Caucasian 38 (65.5) 67 (65.7)
African-American 8 (13.8) 21 (20.6)
Hispanic 7 (12.1) 6 (5.9)
Asian 5 (8.6) 4 (3.9)
Other† 0 (0) 4 (3.9)

D = diopter; dB = decibel.
*Visual field data obtained from Humphrey visual field testing.
†Unspecified European descent.
Results are reported as mean ± standard deviation unless otherwise indicated.

correlations with all three structural parameters were
statistically significant for all regions (P < 0.0001),
except for the MDB area sectors (IN, SN, IT, ST). All
correlations, including those for IN, SN, IT, and ST,
were weak or moderate. Among the eight quadrants
and sectors, the strongest relationships presented in
the inferior quadrant for both RNFL thickness (R
= 0.616) and MDB area (R = 0.502) and in the
superior quadrant for MDB thickness (R = 0.559).
However, among the six Garway-Heath regions (i.e.,
nasal quadrant, temporal quadrant, IN sector, IT
sector, SN sector, and ST sector), the strongest relation-
ships presented in the inferior-temporal sector for
RNFL thickness (R = 0.598), the superior-temporal
sector for MDB thickness (R = 0.531), and the tempo-
ral quadrant for MDB area (R = 0.450). For RNFL
thickness and MDB thickness, the weakest relation-
ships occurred in the temporal quadrant (R = 0.348)
and the superior-nasal sector (R = 0.486), respec-
tively. There were no statistically significant correla-
tions within the normal group.

Comparison Between RNFL Thickness and
MDB Thickness Correlation Coefficients in
the Glaucoma Group

In the glaucoma group, RNFL thickness had higher
correlation coefficients than MDB thickness in the

inferior quadrant and the inferior-temporal sector,
while MDB thickness had higher correlation coeffi-
cients than RNFL thickness in all other regions.
However, these differences were not statistically signifi-
cant (R values: 0.486 to 0.585 forMDB thickness versus
0.348 to 0.616 for RNFL thickness, P > 0.05 for all
comparisons).

Regression Between SD-OCT Structural
Parameters and Visual Field Data in the
Glaucoma Group

Table 3 shows the coefficients of determination (R2)
for the glaucoma group. Among the eight quadrants
and sectors, the highest R2 values were observed in
the inferior quadrant for both RNFL thickness (R2

= 0.555) and MDB area (R2 = 0.450) and in the
superior quadrant for MDB thickness (R2 = 0.491)
(Table 3). Figures 3 and 4 are scatterplots of visual field
sensitivity (in dB scale) andRNFL thickness andMDB
thickness, respectively. The graphs suggest a curvilin-
ear relationship between the structural and functional
measurements with logarithmic fit. Logarithmic regres-
sionmodels showed that all structure-function relation-
ships were statistically significant, except forMDB area
sectors (Table 3).
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Table 2. Correlation Between Spectral Domain
Optical Coherence Tomography Structural Parameters
and Humphrey Visual Field Mean Total Deviation for
Glaucoma and Normal Patients

Glaucoma Normal

Region R Value* P Value R Value* P Value

RNFL Thickness
Overall 0.492 <0.0001 0.088 >0.05
Inferior 0.616 <0.0001 0.109 >0.05
Superior 0.476 <0.0001 −0.027 >0.05
Nasal 0.400 <0.0001 0.190 >0.05
Temporal 0.348 <0.0001 0.033 >0.05
IN 0.521 <0.0001 0.119 >0.05
SN 0.388 <0.0001 −0.159 >0.05
IT 0.598 <0.0001 0.132 >0.05
ST 0.466 <0.0001 0.115 >0.05
MDB Thickness
Overall 0.585 <0.0001 0.083 >0.05
Inferior 0.536 <0.0001 0.029 >0.05
Superior 0.559 <0.0001 0.061 >0.05
Nasal 0.491 <0.0001 0.029 >0.05
Temporal 0.512 <0.0001 0.059 >0.05
IN 0.528 <0.0001 −0.001 >0.05
SN 0.486 <0.0001 −0.056 >0.05
IT 0.493 <0.0001 0.076 >0.05
ST 0.531 <0.0001 0.135 >0.05
MDB Area
Overall 0.563 <0.0001 0.030 >0.05
Inferior 0.502 <0.0001 −0.062 >0.05
Superior 0.475 <0.0001 −0.030 >0.05
Nasal 0.427 <0.0001 0.026 >0.05
Temporal 0.450 <0.0001 0.025 >0.05
IN 0.058 0.56 −0.051 >0.05
SN 0.050 0.62 −0.171 >0.05
IT 0.046 0.65 −0.061 >0.05
ST 0.048 0.63 −0.179 >0.05

*Pearson correlation coefficients.
RNFL= retinal nerve fiber layer; MDB=minimumdistance

band; IN = inferior-nasal; SN = superior-nasal; IT = inferior-
temporal; ST = superior-temporal.

Discussion

Our data showed that 3D MDB neuroretinal
rim thickness correlated with visual field data with
similar strength as the most commonly used SD-OCT
parameter for glaucoma, peripapillary RNFL thick-
ness. Specifically, RNFL thickness had higher Pearson
correlation coefficients than MDB thickness in two
out of eight regions, while MDB thickness had higher

Figure 3. Scatterplot of visual field sensitivity and retinal nerve
fiber layer thickness in healthy participants and in patients with
glaucoma.

Pearson correlation coefficients in the remaining six
out of eight regions (R-values ranging from 0.486
to 0.585 for MDB thickness versus 0.348 to 0.616
for RNFL thickness, Table 2), but these differences
were not statistically significant (P > 0.05 for all
comparisons). Our findings align with studies of the
structure-function relationship between BMO-MRW



Structure-Function Relationship Using 3D Scans TVST | May 2021 | Vol. 10 | No. 6 | Article 28 | 7

Table 3. Regression Equations Between Spectral-Domain Optical Coherence Tomography Structural Parameters
and Visual Field Sensitivity in the Glaucoma Group

Structural Parameter R2 y = a × ln(x) + b P Value

RNFL Thickness
Overall 0.467 y = 10.25 × ln (x) – 48.07 <0.0001
Inferior 0.555 y = 14.05 × ln(x) – 68.09 <0.0001
Superior 0.407 y = 11.98 × ln(x) – 58.38 <0.0001
Nasal 0.263 y = 7.07 × ln(x) – 32.54 <0.0001
Temporal 0.313 y = 8.06 × ln(x) – 36.19 <0.0001
IN 0.401 y = 12.26 × ln(x) – 59.10 <0.0001
SN 0.300 y = 10.15 × ln(x) – 49.17 <0.0001
IT 0.546 y = 12.28 × ln(x) – 61.52 <0.0001
ST 0.394 y = 11.65 × ln(x) – 58.48 <0.0001
MDB Thickness
Overall 0.533 y = 9.40 × ln(x) + 9.88 <0.0001
Inferior 0.476 y = 12.43 × ln(x) + 12.27 <0.0001
Superior 0.491 y = 10.65 × ln(x) + 10.23 <0.0001
Nasal 0.351 y = 8.20 × ln(x) + 8.16 <0.0001
Temporal 0.375 y = 7.50 × ln(x) + 9.15 <0.0001
IN 0.438 y = 13.04 × ln(x) + 12.26 <0.0001
SN 0.391 y = 10.40 × ln(x) + 9.30 <0.0001
IT 0.436 y = 10.48 × ln(x) + 9.91 <0.0001
ST 0.482 y = 11.19 × ln(x) + 10.80 <0.0001
MDB Area
Overall 0.507 y = 7.68 × ln(x) – 6.80 <0.0001
Inferior 0.450 y = 9.88 × ln(x) + 4.18 <0.0001
Superior 0.414 y = 7.85 × ln(x) + 2.51 <0.0001
Nasal 0.307 y = 6.27 × ln(x) + 2.44 <0.0001
Temporal 0.315 y = 5.80 × ln(x) + 4.12 <0.0001
IN 0.000 y = 0.15 × ln(x) – 6.32 0.90
SN 0.001 y = 0.27 × ln(x) – 5.33 0.79
IT 0.006 y = 0.98 × ln(x) – 5.76 0.35
ST 0.001 y = 0.30 × ln(x) – 5.87 0.76

R2 = coefficient of determination; RNFL = retinal nerve fiber layer; MDB = minimum distance band; IN = inferior-nasal;
SN = superior-nasal; IT = inferior-temporal; ST = superior-temporal.

and standard automated perimetry (SAP), which have
demonstrated equal or better correlation compared
to RNFL thickness and SAP.8,37–43 This paper is
the first to show that MDB thickness, a newer 3D
neuroretinal rim parameter derived from high-density
volume scans, also relates to glaucomatous vision loss
as closely as RNFL thickness measurements and can
therefore provide useful structural data to complement
functional assessments in glaucoma.

This paper revisits the classic structure-function
map developed by Garway-Heath et al. with the latest
potential for high-density, 3D SD-OCT imaging of
the optic nerve.29 The Garway-Heath map has been

widely adopted in studies of peripapillary RNFL
thickness,2,5,6,8,11,12,44–47 but it was originally designed
by tracing RNFL defects to positions of entry at the
optic disc.29 While peripapillary RNFL thickness is
measured at a distance from the optic disc, the MDB
measures the closest distance from the termination of
the RPE/BM complex to the cup surface at the disc
itself (Fig. 1A).21,22 Like the BMO-MRW, it accounts
for varying orientation of nerve fibers, and its associ-
ated parameter, MDB area, reflects the smallest cross-
sectional area through which the nerve fibers must
pass as they exit the retina and form the optic nerve.
Theoretically, it may therefore be well suited to match
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Figure 4. Scatterplot of visual field sensitivity and minimum
distance band neuroretinal rim thickness in healthy participants and
in patients with glaucoma.

visual field sensitivity changes using the Garway-Heath
map.

One might expect 3D MDB neuroretinal rim thick-
ness to reflect functional changes more closely than 2D
RNFL thickness for several additional reasons. MDB
thickness originates fromahigh-density volume scan as
opposed to a single circular B-scan, allowing for greater
reproducibility and fewer artifacts.21,22 Furthermore,
structural changes at the optic nerve can occur prior
to RNFL thinning and may therefore accompany early

functional loss better than changes in RNFL thick-
ness.6,48 Neuroretinal rim thickness may have stronger
structure-function correlation in advanced glaucoma
as well, as found in a study by Pollet-Villard et al.8
The investigators attributed the poorRNFL thickness–
visual field correlation in advanced glaucoma to the
presence of the well-known “floor effect,”and hypothe-
sized that neuroretinal rim thickness may have less of a
floor effect than RNFL thickness.8,33,49 In our study,
we found higher correlation coefficients for MDB
thickness compared to RNFL thickness in six out of
eight regions, although these differences were not statis-
tically significant.

For 3D MDB neuroretinal rim thickness, the
strongest structure-function relationships among the
six Garway-Heath map regions occurred in the
superior-temporal sector and the inferior-nasal sector
(R = 0.531 and 0.528, respectively, Table 2). Several
studies using BMO-MRW have also identified the
superior-temporal sector as the region with the
strongest structure-function relationship, with correla-
tion coefficients ranging from 0.53 to 0.67.26,42,50 Our
data most closely resembles that of Muth et al., who
also identified the superior-temporal and inferior-nasal
sectors as the two strongest of the six Garway-Heath
regions (R = 0.59 for both sectors).26 Alternatively,
out of the four quadrants (i.e., superior, inferior, nasal,
and temporal), the superior and inferior quadrants had
the highest correlations (R = 0.559 and 0.536, respec-
tively, Table 2) forMDB thickness. These findingsmake
physiologic sense, as the superior and inferior poles
contain the largest rim areas and typically undergo
the earliest changes in glaucoma.51–55 Furthermore,
these regions correspond to the most densely sampled
regions in SAP; consequently, they are more likely
to demonstrate stronger correlation, all other factors
being equal.

For 2D peripapillary RNFL thickness, the strongest
structure-function relationships among the six
Garway-Heath map regions occurred in the inferior-
temporal and inferior-nasal sectors (R = 0.598 and
0.521, respectively, Table 2). These results are partially
at odds with the past two decades of literature on
structure-function relationships between RNFL thick-
ness and SAP, which almost uniformly recognize the
inferior-temporal and superior-temporal (rather than
inferior-nasal) sectors as the two regions with the
strongest relationship to visual function (R values
ranging from 0.34 to 0.79 for the superior-temporal
sector and 0.47 to 0.79 for the inferior-temporal
sector).2,5–12,30,35,42–46,50,56–60 The reason for this
partial discrepancy is unclear, although differences
across patient populations (e.g., inclusion of normal,
preperimetric, and/or ocular hypertension patients),
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study methodology (e.g., correlation with threshold
sensitivities, total deviation, pattern deviation, or mean
deviation), and statistical analyses (e.g., using the linear
versus decibel scale for visual field values and linear
versus nonlinear regression analyses) may underlie
variations in study results. However, consistent with
previous research,2,5,6,8–12,30,35,42–44,47,50,56-58,60,61
we found that the temporal halves of the superior
and inferior quadrants each had stronger correlation
with visual function than their corresponding nasal
halves (R values: ST 0.466 versus SN 0.388 and IT
0.598 versus IN 0.521, Table 2). These results reflect
the typical progression of glaucomatous nerve fiber
damage, which classically initiates at the superior and
inferior optic nerve regions and favor the temporal
half of these quadrants.51-55

Conversely, we observed the weakest structure-
function relationships in the nasal quadrant, superior-
nasal sector, and temporal quadrant. For RNFL thick-
ness, the latter two regions were weakest (R values:
superior-nasal 0.388 and temporal 0.348, Table 2);
for MDB thickness, the former two regions were
weakest (R values: nasal 0.491 and superior-nasal
0.486, Table 2). Our results corroborate previous
research, which has consistently identified the nasal
and temporal quadrants among the weakest correlat-
ing regions (R values ranging from 0.05 to 0.49 for
the nasal quadrant and 0.01 to 0.46 for the tempo-
ral quadrant).2,5,7,8,10,35,47,57,60,61 These regions have
fewer visual field test points, which results in poorer
precision and increased variability.27,62 For example,
the region temporal to the blind spot correspond-
ing to the nasal rim has only four test points, as
opposed to the inferior-temporal sector, which contains
13 test points. In addition, these quadrants are less
commonly affected in early focal glaucoma and are
therefore less sensitive for detecting early glaucomatous
damage.52,61,63,64

Interestingly, the only OCT measurements that
showed no significant correlation to visual field sensi-
tivity were the sectoral regions (IN, SN, IT, ST) for
MDB area (R values: 0.046 to 0.058, P > 0.05 for
all sectors, Table 2). These sectors had notably lower
Pearson correlation coefficients than all other regions
examined. This may be due in part to the smaller
sampling size (i.e., sectors comprise one-eighth of the
disc circumference as opposed to a quarter or a whole)
and the three-dimensional nature of the MDB area
measurement. MDB area is calculated by dividing a
four-sided region into two triangles that may lie in
different planes. It is possible that area measurements
are subject to a greater degree of variation than thick-
ness measurements, and therefore, anatomical varia-
tion among individual patients may “wash out” corre-

lation in these areas. In contrast, MDB thickness may
have a smaller range of variability, allowing for the
correlation to persist.

We used total deviation values as our measure of
visual field sensitivity loss, as proposed by Hood and
Kardon.33 Many papers have used the raw threshold
sensitivity values.2,6,7,35,42,58,61 However, unlike total
deviation, raw threshold values do not account for age-
related decreases in visual sensitivity. By using total
deviation, we effectively minimize variability in visual
sensitivity due to age. On the other hand, RNFL
thickness and MDB thickness are not age-adjusted.
Nevertheless, data suggest that age has minimal impact
on these structural parameters, as RNFL thickness
declines by only 0.16 to 0.20 μm per year and MDB
thickness by only 3.3% per year.65–68

Glaucoma disease severity has been shown to affect
structure-function correlation,34 with a review across
papers suggesting stronger relationships in later stages
of disease. For example, the relationships between
RNFL thickness and SAP measurements reported by
Wu et al. (R = 0.464 to 0.832, mean MD = –9.62 ±
8.68 dB) were stronger than those reported by Shin
et al. (R = 0.463 to 0.664, mean MD = –6.30 ± 6.57
dB), and even stronger than those shared byHirashima
et al. (R = 0.052 to 0.287, mean MD = –0.38 ±
1.35 dB).9,10,69 In this study, we reported coefficients
of 0.348 to 0.616 for RNFL thickness and SAP in a
population with a mean MD of –11.56 ± 7.40 dB,
which most closely mirrors that of Wu et al.10 As with
other studies,3,56,60,69,70 we did not detect a statisti-
cally significant structure-function correlation among
normal patients, who typically exhibit a smaller range
and greater imprecision in structural and functional
measurements.33,60,71

Our study has limitations. The cross-sectional
design does not allow us to elucidate changes in the
structure-function relationship over time, which would
enhance our understanding of glaucoma progression.
Second, we did not include patients with preperimet-
ric glaucoma, and thus our findings cannot extend
to this population. It is possible that our decision
to include only perimetric glaucoma patients could
introduce a selection bias, considering the influence
of glaucoma severity on correlation strength, as noted
above. On the other hand, their omission narrows the
range of data points driving our correlations, and
therefore, their absence may have instead led to an
underestimate of the strength of the correlations that
we reported or negate the selection bias altogether.
Third, our glaucoma subjects were identified as those
who had characteristic optic nerve changes and corre-
sponding visual field defects; such an enrollment crite-
rion could produce a selection bias toward stronger
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structure-function relationship. Lastly, the scans used
in our study were taken with the Spectralis software
version 5.4.8.0, which has since been updated. Subse-
quent studies should use the latest software and include
a broad range of participants.

The relationship between structural measurements
of the optic nerve and measurements of functional
vision loss through SAP play an essential role in the
diagnosis and management of glaucoma. Our data
reveals that 3DMDB neuroretinal rim thickness relates
to visual function with similar strength as the most
commonly used SD-OCT parameter for glaucoma, 2D
peripapillary RNFL thickness, with correlation coeffi-
cients ranging from 0.486 to 0.585 for MDB thickness
and 0.348 to 0.616 for RNFL thickness (P > 0.05 for
all comparisons). Prior studies have determined that
this newer 3D neuroretinal rim parameter has equal
or better diagnostic capability for glaucoma and fewer
scan artifacts compared to 2D RNFL thickness.21,22
Taken together, these findings highlight the advantages
of 3D MDB neuroretinal rim thickness in glaucoma
care, and future research is needed to uncover its full
potential using high-density SD-OCT volume imaging.
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