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Purpose: To compare various displacement models using midget retinal ganglion
cell to cone (mRGC:C) ratios and to determine viability of estimating RGC counts
from optical coherence tomography (OCT)–derived ganglion cell–inner plexiform layer
(GCIPL) measurements.

Methods: Four Drasdo model variations were applied to macular visual field (VF)
stimulus locations: (1) using meridian-specific Henle fiber length along the stimulus
circumference; (2) using meridian-specific differences in RGC receptive field and counts
along the stimulus circumference; (3) per method (2), averaged across principal merid-
ians; and (4) per method (3), with the stimulus center displaced only. The Sjöstrand
model was applied (5) along the stimulus circumference and (6) to the stimulus center
only. Eccentricity-dependent mRGC:C ratios were computed over displaced areas, with
comparisons to previous models using sum of squares of the residuals (SSR) and root
mean square error (RMSE). RGC counts estimated from OCT-derived ganglion cell layer
(GCL) and GCIPL measurements, from 143 healthy participants, were compared using
Bland–Altman analyses.

Results: Methods 1, 2, and 5 produced mRGC:C ratios most consistent with previous
models (SSR 3.82, 4.07, and 3.02; RMSE 0.22, 0.23, and 0.20), while central mRGC:C ratios
were overestimated by method 3 and underestimated by methods 4 and 6. RGC counts
predicted from GCIPL measurements were within 16% of GCL-based counts, with no
notable bias with increasing RGC counts.

Conclusions: Sjöstrand displacement and meridian-specific Drasdo displacement
applied to VF stimulus circumferences produce mRGC:C ratios consistent with previous
models. RGC counts can be estimated from OCT-derived GCIPL measurements.

Translational Relevance: Implementing appropriate displacementmethods andderiv-
ing RGC estimates from relevant OCT parameters enables calculation of the number of
RGCs responding to VF stimuli from commercial instrumentation.

Introduction

A fundamental concept underpinning vision is
that a quantifiable relationship should exist between
measures of visual function and the anatomic or
physiologic processes responsible for this output.1,2

Modern investigations of this often-called structure–
function relationship commonly focus on comparison
of retinal and visual field (VF) data, with variables
including but not limited to utilized structural parame-
ters, VF stimulus characteristics, retinal locations, and
sampled cohorts influencing the resultant models.3–5
Further knowledge of the intricacies involved in the
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structure–function relationship is fundamental in
improving understanding of the various clini-
cal presentations of ocular pathologies, including
glaucoma, and has promising applications in the
optimization of technologies to improve detection of
such pathologies in clinical settings.

Seminal models of the structure–function relation-
ship have used ex vivo histologic retinal ganglion cell
(RGC) measurements as the structural measure, with
such models describing a generally linear relation-
ship between RGC count and VF sensitivity within
the central 15°.6–8 However, for clinical applications,
surrogate measurements of cell anatomy, such as
retinal thickness measurements from optical coher-
ence tomography (OCT), are required. While RGC
counts have been estimated from ganglion cell layer
(GCL) thickness measurements derived fromOCT,9–11
the GCL is often difficult to delineate due to similar
reflectivity with the underlying inner plexiform layer
(IPL), and in lieu of only sampling the GCL, inner
retinal complexes such as the ganglion cell–inner plexi-
form layer (GCIPL) and the ganglion cell complex
are commonly utilized in commercially available OCT
instruments. Estimates of RGC counts from these
complexes have not been quantified, which would be
valuable for the application of findings of cellular
structure–function models across a broader range of
settings and instrumentations.

Furthermore, clinical investigations of the macular
structure–function relationship are complicated by
the lateral displacement of RGCs relative to their
connecting photoreceptors secondary toHenle fibers,12
meaning that the RGCs responding to VF stimuli
are not located where these stimuli project onto the
retina. Drasdo et al.12 reported anatomic displace-
ment of RGCs as well as models of RGC displace-
ment based on cumulative receptive field densities, and
these have subsequently been widely applied to adjust
for displacement. However, the exact implementation
of these models is variable, with mean displacement
across all meridians,10,13–15 meridian-specific displace-
ments,11,16 and meridian-specific anatomic displace-
ment17 having been applied across different studies.
Moreover, while displacement of VF stimulus centers
has been utilized previously,Montesano et al.11 demon-
strated that this method underestimates RGC counts
parafoveally, and displacement at the VF stimulus
circumference produces estimates closer to expected
RGC receptive field counts. Sjöstrand et al.,18 on the
other hand, described RGC displacement based on
Henle fiber and bipolar cell configuration and the
subsequent model demonstrating a smaller maximum
displacement at the parafovea with no differences
between meridians observed. To aid choice of the most
appropriate method to apply in structure–function

analyses, it would be useful to verify whether these
displacement methods and their various implementa-
tions substantially differ.

The aims of this study were twofold. First, it sought
to compare various implementations of the Drasdo
and Sjöstrand models by computing midget RGC
to cone ratios (mRGC:C), with previously reported
ratios used as an anatomic “ground-truth” frame-
work.19,20 mRGC:C ratios provide a logical anatomic
framework with which to compare calculated mRGC
numbers, with this ratio reported as at least 2:1 at
the foveal center, corresponding to connections of one
ON and one OFF mRGC to each cone centrally, and
with progressive decrease with increasing eccentricity
due to pooling of cone synapses onto cone bipolar
cells; these calculations have been previously used
to verify findings between histologic studies.12,18,20
Second, RGC count estimates derived from GCIPL
and GCL measurements were compared to determine
the viability of predictingRGCnumbers from clinically
available data. These investigations aim to facilitate
translation of classic studies of the structure–function
relationship to clinical settings.

Methods

Histologic Data

Human RGC data were obtained from Curcio and
Allen,21 who reported mean RGC density (DRGC) in
cells per square millimeter along each principal merid-
ian for six healthy retinas. Similar to previous studies,6,9
DRGC between meridians were determined using polar
interpolation, assuming linear change in density, to
generate a DRGC map at a resolution of 0.005 mm
per pixel. RGC counts (CRGC) were then calculated by
multiplying pixel-wise DRGC by the area encompassed
by each pixel. Cone density and countmapswere gener-
ated using an identical procedure, using meridional
cone densities for eight healthy retinas as reported by
Curcio et al.22

Subsequently, midget RGC count (CmRGC) maps
were derived from eccentricity-dependent estimates of
the proportion of midget RGCs (mRGCs) relative to
total RGCs (tRGCs)12,19:

mRGC = 0.8928 ×
(
1 + r

41.03

)−1
× tRGC

where r is eccentricity in degrees. For this equation, the
degree to millimeter conversion derived by Montesano
et al.11 was utilized, which was chosen over the more
establishedDrasdo and Fowler23 conversion for greater
consistency in retinal sphericity with Curcio and
Allen’s data.21 This conversion was also subsequently
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Figure 1. Maps depicting the different displacement models tested in this study. All plots are displayed in VF view and right eye format.
(A) The VF map with the 10-2 and paracentral 24-2 test locations prior to displacement. (B) Method 1 (anatomic) used displacement based
on Henle fiber length applied along the circumference of each VF test location. (C) Method 2 (RF based) used displacement computed from
the difference between cumulative RGC RF and RGC body counts, applied along the circumference of each VF test location. (D) Method 3
(symmetrical RF based) used a similar principle tomethod 2, except with a single displacement curve utilized regardless of angular location.
(E)Method4 (symmetrical RF based, circles) used the samedisplacement curve asmethod3, exceptwith displacement of theVF test location
center only. (F) Method 5 (Sjöstrand) applied displacement per the Sjöstrandmodel along the circumference of each VF location. (G) Method
6 (Sjöstrand, circles) used the Sjöstrand model with displacement of the VF test location center only.

applied as required in calculations throughout the
study.

Displacement Models and Comparison of
Midget RGC to Cone Ratios

Displacement models were compared at retinal
locations consistent with projected 10-2 test grid
locations using a Goldmann III stimulus size, as per
the Humphrey Field Analyzer (Carl Zeiss Meditec,
Dublin, CA, USA). This paradigmwas chosen as it is a
commonprocedure for functional testing of themacula
in clinical settings.24 The 12 paracentral test points of
the 24-2 grid, falling within themaximumdisplacement
zone of 4.034 mm as per the Drasdo model, were also
included. The polar coordinates of the stimulus center
and 72 points along the stimulus circumference were
calculated using a stimulus radius of 0.215°, for subse-
quent input to the displacement models.

This study applied four implementations of the
Drasdo model that were coded using MATLAB
version R2019a (MathWorks, Natick, MA, USA; Fig.
1). These implementations were based on variations of
the Drasdo model applied across different studies of
the structure–function relationship.11,13,14,16,17

• Method 1 (anatomic): total displacement based
on Henle fiber length along the VF stimu-
lus circumference with differences in nasal and
temporal meridians, as per Figure 2 in Drasdo
et al.12
• Method 2 (receptive field [RF] based): displace-
ment based on differences in location for equiv-
alent cumulative RGC RF counts (CRGC-RF) and
histologic CRGC per Curcio and Allen,21 calculated
along the VF stimulus circumference. The deriva-
tion of this meridian-specific model is described
in the appendix of Drasdo et al.,12 with analo-
gous methods applied in subsequent studies.11,16
Details of the calculations involved are presented
in Supplementary Methods 1.
• Method 3 (symmetrical RF based): as per method
2 but with total displacement averaged across all
principal meridians rather than applying meridian-
specific differences, as per Figure 6 in Drasdo
et al.12
• Method 4 (symmetrical RF based, circles): as per
method 3 but with displacement of the VF stimu-
lus center only. While methods 1 to 3 produce
elliptical areas, method 4 maintains circular areas
per projected Goldmann III VF stimuli.
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Figure 2. Generation of RGC volumetric data for individual RGCpSA calculation. (A) Map of RGCdensity (DRGC) in cells per squaremillimeter,
interpolated from principal meridian data from Curcio and Allen.21 (B) GCL thickness map in micrometers, averaged across data from the
modeling cohort. (C) DRGC in cells per cubedmillimeter, calculated from A and B. (D) An individual participant’s GCL thickness map, with the
foveal center and fovea to optic disc tilt annotated. (E) The displaced VF map per method 1 (Fig. 1B) superimposed on C, rotated according
to fovea to optic disc tilt; DRGC values were averaged over these areas for this fovea to optic disc tilt. The red cross indicates the optic disc
center. (F) RGCpSA calculated from D and E.

The Sjöstrand model of RGC displacement relative
to underlying cone eccentricity is described by the
following equation18:

RGC Eccentricity = 1.29 × (Cone Eccentricity + 0.046)0.67

where both RGC and cone eccentricity are in millime-
ters. The mRGC:C ratios produced using this model
were also implemented as below:

• Method 5 (Sjöstrand): with Sjöstrand displace-
ment applied at the VF stimulus circumference.
• Method 6 (Sjöstrand circles): with Sjöstrand
displacement applied at the VF stimulus center
only, similar to method 4.

As the Sjöstrandmodel is only described up to 2mm
from the foveal center, locations beyond 2 mm eccen-
tricity from the foveal center were not displaced.

As methods 1 and 2 require linear interpola-
tion of displacement between the principal meridi-

ans, displacement curves were computed at 0.01 radian
intervals. The angle components of the VF stimulus
coordinates were subsequently rounded to the nearest
0.01 radians, and the corresponding displacement
curve was applied to compute the displaced retinal
eccentricity for each location using Akima spline inter-
polation. Methods 3 and 4 use a single displacement
curve, and as such, the displaced retinal eccentricities
were computed for the stimulus circumference points
and centers with this curve regardless of direction from
the foveal center.

The displaced VF stimuli were fitted with ellipse
functions using a least squares fitting method for
methods 1 to 3 and 5, as well as circular functions
for methods 4 and 6, with MATLAB (Fig. 1 and
Supplementary Figs. S1–S4), to minimize reduction
of resolution at the displaced stimulus circumfer-
ence with variable scaling. These were applied to the
CmRGC map to extract the number of mRGCs at each
displaced VF location. Similarly, the nondisplaced VF
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Table 1. Demographic Characteristics of the Included Cohort and Histologic Cohorts From Previously Reported
Data21,22

Current Cohort Histologic Cohorts

Characteristic Modeling Cohort Test Cohort Curcio and Allen21 Curcio et al.22

Number of eyes 66 77 6 8
Age, mean ± SD (range), y 33.4 ± 4.0

(27.1–39.7)
32.8 ± 3.6
(27.0–39.8)

34.0 ± 3.6
(27.0–37.0)

34.8 ± 4.7
(27.0–44.0)

Spherical equivalent,
mean ± SD, D

–1.40 ± 1.52 –1.32 ± 1.77 NA NA

Fovea to optic disc tilt,
mean ± SD, deg

6.57 ± 3.26 6.64 ± 3.31 NA NA

Sex, M:F 36:30 32:45 3:3 3:5
Eye included, OD:OS 29:37 39:38 3:3 3:5

For the histologic data set, both eyes were included for some subjects. D, diopters; F, female; M, male; NA, not available; OD,
right eye; OS, left eye; SD, standard deviation.

map was applied to extract the number of cones
at each VF stimulus location. At corresponding VF
locations, mRGC:C ratios were calculated by divid-
ing CmRGC by the number of cones, and these ratios
were plotted against cone eccentricity using GraphPad
PrismVersion 8.4.3 (GraphPad Software, La Jolla, CA,
USA). As Watson19 derived eccentricity-dependent
mRGC:C curves for each principal meridian using the
same histologic data set, the averaged mRGC:C curve
was used as the “ground-truth” model; this model
was chosen over other mRGC:C ratios described in
previous studies18,20 due to its detailed description of
eccentricity-based and meridional changes, requiring
less interpolation between data points. Error for each
displacement model was determined by calculating the
difference between the mRGC:C ratio calculated over
each VF location and that at the same eccentricity per
the Watson model.19 This enabled the calculation of
the sum of squares of the residuals (SSR) and the root
mean square error (RMSE), derived from the following
equations:

SSR =
∑n

1
(mRGC : CWatson − mRGC : C)2

RMSE =
√

SSR
n − 1

where n denotes the total number of VF locations
included for each method. As a point of comparison,
mRGC:C ratios reported by Masri et al.,20 using a
different histologic data set consisting of six healthy
human subjects, were plotted with the derived ratios.

To obtain estimates of variance around the SSR
and RMSE values, the residuals were resampled
using a previously described nonparametric bootstrap

algorithm.25 The data set was resampled 200 times,
where 80 residual data points were reextracted and
SSR and RMSE were calculated per sample. The
mean bootstrapped SSR and RMSE values were then
compared across methods using one-way analysis of
variance (ANOVA) with Tukey’s multiple comparisons
tests.

OCT Data and Cohort Characteristics

For comparison of CRGC estimates to clinical
data, 143 participants aged 27 to 40 years were
retrospectively recruited to represent an age-similar
cohort to histologic data (Table 1).21,22 Written
consent for data to be used in research was obtained
from all participants, and the study adhered to the
tenets of the Declaration of Helsinki. All partici-
pants had attended Centre for Eye Health (Sydney
Australia) for comprehensive examination, includ-
ing slit-lamp biomicroscopy examination, intraocular
pressure measurement, dilated fundus examination,
VF assessment with standard automated perimetry,
and OCT imaging of the macula and optic disc.13,26,27
Inclusion criteria included spherical equivalent refrac-
tive error between +6.00 and –6.00 diopters, astigma-
tism less than –3.00 diopters, and absence of optic
nerve and macular pathology; where one eye met these
criteria, this eye was included for analyses, while if both
eyes were eligible, one eye was chosen at random. Data
from 128 participants have been included in previous
studies.13,26

The study cohort was randomly allocated to
either the modeling cohort, whose data were used to
generate the regression and DRGC models as described
later, or the test cohort, whose data were subsequently
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tested with the generated models. This was performed
to ensure model performance was not inflated. As axial
length may affect GCL and GCIPL measurements,
analyses on a subcohort of participants in whom axial
length data were available are described in Supplemen-
tary Methods 2; Centre for Eye Health clinical proto-
cols do not include routine axial length measurements,
and hence this information was not available for all
participants.

OCT data were obtained using the Spectralis SD-
OCT (Heidelberg Engineering, Heidelberg, Germany)
with the posterior pole volume scan preset, which
acquires 61 B-scans across a total retinal area of
30° horizontally and 25° vertically centered on the
foveal pit. Per Tong et al.,26 automatic segmentation
of the GCL and IPL outer boundaries was reviewed
and manually corrected by a single observer (JT) as
required within the inbuilt segmentation correction
function in the instrument review software (Heidelberg
Eye Explorer Version 1.10.4.0; Heidelberg Engineer-
ing), and these data were extracted in RAW format.
Similarly, the angle between the fovea and optic disc
centers, or the fovea to optic disc tilt, was manually
reviewed and corrected when required, and the exten-
sible markup language (XML) file corresponding to
OCT data was extracted with this information.

For implementations of the Drasdo model where
the mRGC:C ratios were most consistent with the
model derived byWatson,19 averagedGCLandGCIPL
thicknesses were extracted over the displaced VF
locations without rotation of the VF grids to most
closely resemble retinal locations sampled during VF
testing.26,28 This was not performed for implementa-
tions inconsistent with previously described mRGC:C
ratios, which were used as the anatomic ground-truth
model in this study. For locations where accurate
delineation of the GCL and IPL boundaries could
not be performed, such as due to blood vessel
shadowing or poor signal strength, these locations
were excluded from further analyses. A minimum
overall signal strength of 15 dB was required per B-
scan. Repeatability of these protocols for GCL and
GCIPL segmentation is described in Supplementary
Methods 3.

Comparison of RGC Counts from GCIPL
versus GCL

Generation of volumetric DRGC in cells per cubed
millimeter is required to enable estimation of CRGC
from OCT data as previously described.9,10 However,
the extraction locations of GCL data relative to the
fovea to optic disc axis vary depending on fovea to

optic disc tilt, and therefore the corresponding DRGC
would also vary between individuals. To enable fovea
to optic disc tilt-specific calculations, GCL thickness
maps from the modeling cohort were rotated around
the foveal center such that the fovea to optic disc was
0° and resized to a scale of 0.005mmper pixel, enabling
generation of an averaged pixel-wise GCL map across
this cohort (Fig. 2). A volumetric DRGC map in cells per
cubed millimeter was then calculated by dividing the
histologic DRGC map by the averaged GCL map, and
average DRGC was extracted by rotating the displaced
VF grid by the fovea to optic disc tilt to correspond to
extracted GCL locations. For both the modeling and
test cohorts, the number of RGCs expected to be stimu-
lated across VF stimulus areas (RGCpSA) could then
be calculated as per Yoshioka et al.10:

RGCpSA = DRGC
(
cells/mm3) × GCL (mm)

×Displaced VF Area
(
mm2)

with the displaced VF area calculated from the ellipse
parameters for the corresponding displacement model
(Supplementary Figs. S1–S4).

The feasibility of usingGCIPL thicknesses to calcu-
late CRGC,SA was determined by comparing outcomes
from GCL thicknesses predicted from the GCIPL
to measured GCL thicknesses for greater consistency
with previously described methods. Regression analy-
ses between GCIPL and GCL thicknesses were gener-
ated for the modeling cohort using GraphPad Prism.
Proportions of the GCIPL occupied by the GCL were
also plotted as a function of eccentricity in the model-
ing cohort for comparison with previous reports.29
Bland–Altman comparisons between CRGC,SA derived
from GCL thicknesses predicted from the optimal
regressionmodel and those frommeasuredGCL thick-
nesses were then performed for the relevant displace-
ment models. Additionally, to determine whether
differences in predicted and measured GCL thick-
nesses varied with increasing RGCpSA, linear regres-
sion models were fit through Bland–Altman data, and
whether the slope significantly differed from 0 was
determined using the sums-of-squares F-test.

Results

mRGC:C Ratio Comparisons Between Drasdo
Implementations

mRGC:C ratios derived from different displace-
ment models, applied to retinal locations correspond-
ing to the 10-2 and paracentral 24-2 VF stimuli, are
depicted in Figure 3, with deviations from the averaged
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Figure 3. mRGC:C plotted as a function of cone eccentricity with the various tested implementations of theDrasdo and Sjöstrand displace-
ment models. The averagedmRGC:C curve reported byWatson19 (black line) andmRGC:C ratios reported by Masri et al.20 (black squares and
dashed line) are depicted as points of comparison. The x and y axes are in log10 units for consistency with Figure 14 in Watson.19

Table 2. SSR and RMSE, Calculated From Each Implementation of the Drasdo Model Relative to the Average
mRGC:C Curve FromWatson19

Characteristic
Method 1:
Anatomic

Method 2:
RF Based

Method 3:
Symmetrical
RF Based

Method 4:
Symmetrical
RF Based,
Circles

Method 5:
Sjöstrand

Method 6:
Sjöstrand
Circles

SSR
Original 3.85 4.07 5.10 10.59 3.02 7.66
Bootstrapped 3.83 ± 0.30 4.07 ± 0.37 5.09 ± 0.60 10.32 ± 2.68 3.10 ± 0.61 7.68 ± 2.78

RMSE
Original 0.22 0.23 0.25 0.37 0.20 0.31
Bootstrapped 0.22 ± 0.009 0.23 ± 0.010 0.25 ± 0.015 0.36 ± 0.046 0.20 ± 0.019 0.31 ± 0.057

These were calculated for the original data set and with bootstrapped data, where mean ± standard deviation values are
reported.

Watson mRGC:C curve per the raw and bootstrapped
data sets detailed in Table 2. Overall, method 5,
using the Sjöstrand model applied to the circum-
ference of projected VF stimuli, produced mRGC:C
ratios most consistent with the Watson model, demon-
strated by the smallest SSR and RMSE values and
no eccentricity-based biases observed (Fig. 4). Of the
Drasdo model implementations, methods 1 and 2,
using meridian-specific displacement applied to the
circumference of projected VF stimuli, were most
consistent with the Watson model. In methods 1, 2,
and 5, while central mRGC:C ratios all approached

2:1, as expected close to the foveal center, at peripheral
locations, methods 1 and 2 appeared to slightly under-
estimate mRGC:C relative to method 5. Meanwhile,
method 3, using a single displacement curve from
the Drasdo model regardless of angular location,
appeared to overestimate CmRGC centrally and under-
estimate CmRGC peripherally, with these errors reflected
in the slightly larger SSR and RMSE values relative
to methods 1, 2, and 5. Methods 4 and 6, in which
only the stimulus center was displaced, appeared
to underestimate CmRGC and subsequently mRGC:C
ratios at central locations, indicative of the relatively
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Figure 4. Error in calculated mRGC:C per implementations of the Drasdo and Sjöstrand models relative to the Watson model, plotted as a
function of cone eccentricity. The y axis units are per Figure 3.

small area over which CmRGC are calculated at these
locations.

Bootstrapped analyses revealed no significant differ-
ence in bootstrapped SSR values between methods
1 and 2 but significant differences between all other
comparisons (P = 0.66 between methods 1 and 2
and P < 0.0001 for all other comparisons), indicat-
ing significantly smaller SSR values with method 5
followed by methods 1 and 2. Similarly, RMSE values
between methods 1 and 2 were not significantly differ-
ent, with significant differences observed in all other
comparisons (P = 0.27 between methods 1 and 2
and P < 0.0001 for all other comparisons). Overall,
this indicates that method 5, based on the Sjöstrand
model, was significantly more consistent with the
Watson model than other displacement implementa-
tions tested, followed by methods 1 and 2 based on the
Drasdo model.

mRGC:C ratios fromMasri et al.20 are also included
in Figure 3. While the curve appeared to follow the
trajectory of the Watson mRGC:C model, overall
mRGC:C ratios were slightly greater than the Watson
model and those derived in the present study. This
is likely due to underlying differences in the histo-
logic data, with greater CmRGC and lower cone counts
in Masri et al.20 compared to the histologic data
sets used in the Watson model and the current
study.19,21,22

RGCpSA fromMeasured versus Predicted
GCL

As methods 1, 2, and 5 produced mRGC:C ratios
most consistent with ratios reported by Watson (Fig. 5
and Table 2),19 only these methods were used for subse-
quent analyses investigating prediction of RGCpSA
from OCT-derived GCIPL measurements. Regression
models describing the relationship between GCIPL
and GCL thicknesses were generated using data from
the modeling cohort, with GCIPL and GCL thick-
nesses averaged over displaced VF areas. There was
no significant difference in linear models with data
averaged using method 1, 2, or 5 (P = 0.95). That
is, a single linear model could sufficiently describe
the relationship between GCIPL and GCL thickness,
regardless of the areas over which measurements were
obtained. The proportion of the GCIPL occupied
by the GCL was relatively consistent from center to
periphery in the modeling cohort (mean ± standard
deviation, 55.19% ± 3.86%), with a greater propor-
tion at relatively peripheral eccentricities than previ-
ously reported by Curcio et al.29 However, there was
a visible increase in data spread with increasing eccen-
tricity in the included cohort.

This regression model enabled prediction of GCL
thickness from the GCIPL, and predicted GCL
values were subsequently used to estimate RGCpSA.
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Figure 5. (A) Linear regression model describing the relation-
ship between GCIPL thickness and GCL thickness in the modeling
cohort. GCIPL and GCL thicknesses were averaged over displaced VF
locations per methods 1, 2, and 5 (Fig. 1). Coefficient of determina-
tion (R2) and RMSE for the shared linear regression model across all
methods are also shown. (B) The percentage of the GCL occupying
the GCIPL as a function of RGC eccentricity in the modeling cohort.
Data averaged across temporal and nasal meridians from Curcio
et al.29 are included for reference.

Bland–Altman plots were then used to show agreement
between measured and predicted GCL values in their
estimation of RGCpSA. Within the modeling and test
cohorts and using methods 1, 2, and 5, when expressed
as a percentage of the averaged RGCpSA values,
biases were close to 0%, and 95% limits of agreement
(LoA) fell within 16.19%, indicating reasonable agree-
ment between RGCpSA from predicted and measured

GCL values (Fig. 6 and Table 3). Linear regression
models through Bland–Altman data indicated no trend
with increasing RGCpSA with the Sjöstrand model,
but with the Drasdo model, there was a tendency
toward underestimation at higher RGCpSAs overall
(P = 0.002–0.02). However, the overall fits of the
linear regression models were poor, demonstrated by
low coefficients of determination (R2 = 0.00004–
0.001), and across the range of RGCpSA values, the
maximum bias predicted from this linear regression
model was 1.46%. This demonstrates that RGCpSA
from predicted and measured GCL thicknesses appear
equivalent irrespective of absolute RGCpSA values.

With Bland–Altman comparisons isolated to the
central four locations, where the highest GCL thick-
ness values and resultantly highest RGCpSA estimates
are found, the 95% LoA narrowed to less than
13%, indicating greater agreement between RGCpSA
from predicted and measured GCL values at these
locations (Table 3). Meanwhile, when excluding the
central four locations, 95% LoA remained similar to
16% across cohorts and methods, suggesting greater
variability in predicted GCL thicknesses relative to the
central four locations. However, at the 95th percentile
of RGCpSA from measured GCL thicknesses, given
reduced RGCpSA estimates at these relatively periph-
eral locations, this margin of error corresponds to a
maximum difference in cell count of 60 RGCs across
methods, indicating reasonable estimates of RGCpSA
from GCIPL-derived GCL measurements.

Discussion

This study demonstrates that in order to obtain
mRGC:C ratios consistent with histologic data, the
Sjöstrand model or meridian-specific implementa-
tions of the Drasdo displacement model need to be
applied at the circumference of VF stimulus locations.
Additionally, GCL thicknesses can be predicted from
GCIPL thicknesses as measured using OCT with
reasonable accuracy, as shown by similar RGCpSAs
from measured and predicted GCL thicknesses in the
included healthy cohort. While numerous studies have
used OCT-derived thickness measurements of inner
retinal complexes such as the GCIPL as the structural
measure in structure–function analyses,14,30 thickness
measurements are not direct indicators of the number
of cellular units responding to stimuli. Therefore, by
verifying the displacementmodelsmost consistent with
histologic data and deriving estimates from clinically
relevant OCT parameters, the described calculations
aim to bridge the gap between structural measure-
ments easily obtained using commercially available
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Figure 6. Bland–Altman comparisons between RGCpSA calculated frompredicted versusmeasured GCL thicknesses for themodeling and
test cohorts and for methods 1, 2, and 5, with predicted GCL thicknesses fromGCIPLmeasurements as per Figure 4. Black dashed and dotted
lines indicate the biases and 95% limits of agreement, respectively. The dark blue solid lines indicate the linear regression models through
the data with corresponding slope values (M).

Table 3. Parameters for Bland–Altman Comparisons Within the Modeling and Test Cohort and Using Methods 1,
2, and 5, as per Figure 6

Method 1: Anatomic Method 2: RF Based Method 5: Sjöstrand

Characteristic Bias Upper LoA Lower LoA Bias Upper LoA Lower LoA Bias Upper LoA Lower LoA

All data
Modeling cohort 0.17 14.81 –14.46 0.17 15.43 –15.43 0.13 13.74 –13.47
Test cohort 0.39 16.07 –15.28 0.40 16.19 –15.40 0.40 15.49 –14.69

Central points only
Modeling cohort –0.20 8.03 –8.43 0.23 9.31 –8.86 2.03 12.22 –8.15
Test cohort –0.28 9.10 –9.66 –0.07 9.85 –9.99 2.25 13.85 –9.36

All data excluding
central points
Modeling cohort 0.19 15.09 –14.70 0.17 15.68 –15.35 0.03 13.77 –13.70
Test cohort 0.43 16.37 –15.51 0.42 16.47 –15.62 0.30 15.53 –14.92

All parameters are expressed as percentages of the averaged RGCpSA value.

instrumentation and number of RGCs responding to
VF stimuli, in line with established models of the
structure–function relationship.6–8

Differences Between Displacement Model
Implementations

The studied implementations of the Drasdo and
Sjöstrand displacement models differ in several

distinct ways additional to those described in the
methods above, contributing to the differences in CRGC
and subsequently mRGC:C ratios. Specific to the
Drasdo implementations, across the central four VF
test locations where the magnitude of displacement
increases most rapidly, the gradient of change is greater
when using method 3, the symmetrical RF-based
implementation, compared with methods 1 and 2,
resulting in a larger displaced ellipse area and apparent
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Figure 7. Differences in calculated displacement for different
implementations of the Drasdo model along the –45 degree merid-
ian (gray dashed line) for the inferonasal central VF test location
(yellow shading). The gradient of the displacement curve across the
VF test location for method 3 appears steeper than for methods 1
and 2, resulting in a larger ellipse area along this axis and contribut-
ing to greater CRGC for method 3.

overestimation of CRGC (Fig. 7). Similarly, for relatively
peripheral locations, the progressive decrease in
displacement with the Drasdo models produces
relatively small ellipses compared to the Sjöstrand
model, where no displacement was described beyond
2 mm, and resulting in apparent underestimation of
CRGC with the Drasdo model. However, this does
not necessarily indicate that RGC displacement from
corresponding cone pedicles does not occur at the
perifovea, as previous studies have observed displace-
ment up to 6mm from the fovea.20 Rather, this suggests

a slower gradient of change in RGC displacement
than suggested by Drasdo models. Interestingly, the
maximum displacement as per Henle fiber measure-
ments in the Drasdo model, 650 μm, is notably larger
than in the Sjöstrand model and reported by other
studies,18,20 with shrinkage and differences in eye size
reported as potential reasons for these differences.
Nonetheless, the ability to derive meridian-specific
displacements from the Drasdo model affords some
advantage over these studies, and its widespread appli-
cation is indicative of its relevance in studies of the
structure–function relationship.

Application in Structure–Function Analyses

It is important to recognize that the similar
mRGC:C ratios using methods 1, 2, and 5, based
on measured Henle fiber length and cumulative RGC
RF counts, respectively, may not translate to equiva-
lent performance in structure–function analyses, which
fell outside of the scope of the current study. In
particular, method 5 assumes no meridional varia-
tions in RGC displacement, while method 1 assumes
symmetry between superior and inferior fields; it is
possible that meridional differences in RGC displace-
ment will become more meaningful in compari-
son to functional data. Hirasawa et al.17 reported
poorer structure–function concordance with GCIPL
thicknesses displaced according to methods 1 and 5
compared to no displacement outside of the central
four VF test locations; given method 2 demon-
strates a smaller magnitude of displacement in the
inferior visual field relative to method 1, these results
may indicate improved structure–function concor-
dance with method 2. However, further investiga-
tions would be valuable to confirm which displacement
model would be the most suitable.

GCL versus GCIPL Thickness From OCT

While several studies have compared structure–
function relationships using various inner retinal
complexes derived from OCT,14,30,31 quantitative
relationships between GCL and GCIPL thicknesses
have not been modeled previously, which would be
particularly valuable in settings where only the GCIPL
is segmented by OCT software. It is perhaps unsurpris-
ing that the GCL can be predicted from the GCIPL
with reasonable accuracy, given that the IPL corre-
sponds histologically to the dendritic processes of
RGCs among components, including bipolar cell
terminals, astrocytic processes and dendrites, and
Müller cell processes,31,32 and thus proportional
changes in the IPL with GCL may be expected. This
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notion is supported by cluster analysis models demon-
strating similar spatial patterns of aging in the GCL
and IPL, with no significant differences in rates of
change with age between these layers.33 Interestingly, in
both themodeling and test cohorts, the average propor-
tion of the GCL occupying the GCIPL was 55.16%
across the measured locations with no eccentricity-
dependent variation, in contrast to previous reports of
variations with increasing eccentricity.29 In the cohort
included in this study, considerably greater spread in
the proportion of the GCL occupying the GCIPL
was observed at more peripheral locations, likely due
to the relatively poor discrimination of the GCL
from the IPL using OCT, and this could contribute
to the observed differences between studies. Despite
greater variability in relative RGCpSA counts at these
locations, given smaller absolute RGCpSA counts, this
variability in predicted GCL thickness is unlikely to
significantly affect estimated RGCpSA numbers.

Limitations and Conclusion

Several assumptions within the Drasdo and
Sjöstrand displacement models may affect the findings
of this study. As described earlier, Henle fiber measure-
ments are described only for the horizontal meridian in
the Drasdo model and for the vertical meridian in the
Sjöstrand model, and quantitative histologic data and
psychophysical data required formethod 2 are reported
for the principal meridians only; linear interpolation
between meridians may not account for nonlinear
variations in these data between meridians. Further-
more, the Watson model,19 utilized as the anatomic
“ground truth,” uses data from 14 retinas only and
therefore may not be representative of mRGC:C
ratios across the wide spectrum of normal subjects,
particularly when considering factors such as age,
axial length, and refractive error. Further investigation
comparing the relationship between RGC density and
surrogate structural measures, such as adaptive optics
OCT, would be warranted to confirm the necessity
of compensating for these factors. Additionally, axial
length data were available only for 30 participants
(21% of the entire cohort), as routine axial length
measurements are not conducted per Centre for Eye
Health clinical protocols, so analyses with axial length
could be conducted only on this subcohort (Supple-
mentary Methods 2). While these analyses suggested
that additional correction for axial length was not
required, this is likely due to the strict refractive error
inclusion criteria and does not necessarily indicate
that corrections for axial length would not produce
meaningful differences in RGC estimates, especially at
axial length extremes. Further analyses with a more

representative distribution of axial lengths would be
valuable in identifying when axial length correction
would be most beneficial. Finally, this study used
measurements only from the Spectralis OCT; although
previous studies have shown reasonable agreement
between GCIPL measurements from Spectralis OCT
and other devices,31,34 confirmation of this study’s
findings with other instruments may be valuable to
affirm suitability of GCL prediction from the GCIPL.

This study identified that meridian-specific imple-
mentations of the Drasdomodel applied to the circum-
ference of VF test locations are required to produce
RGC numbers consistent with previous mRGC:C
models. Moreover, a quantitative relationship between
the GCL and GCIPL is described, which can be
applied to estimate RGCpSA. By confirming the most
appropriate implementations of the Drasdo displace-
ment model and providing a means of obtaining RGC
numbers from readily available OCT data, this study
may help improve clinical implementations of the
structure–function relationship.
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