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PURPOSE. The aim of this retrospective cohort study was to obtain three-dimensional
(3D) photoreceptor outer segment (OS) metrics measurements with the assistance of
a deep learning model (DLM) and to evaluate the longitudinal change in OS metrics
and associated factors in retinitis pigmentosa GTPase regulator (RPGR) X-linked retinitis
pigmentosa (XLRP).

METHODS. The study included 34 male patients with RPGR-associated XLRP who had
preserved ellipsoid zone (EZ) within their spectral-domain optical coherence tomogra-
phy volume scans and an approximate 2-year or longer follow-up. Volume scans were
segmented using a DLM with manual correction for EZ and apical retinal pigment epithe-
lium (RPE). OS metrics were measured from 3D EZ–RPE layers of volume scans. Linear
mixed-effects models were used to calculate the rate of change in OS metrics and the
associated factors, including baseline age, baseline OS metrics, and follow-up duration.

RESULTS. The mean (standard deviation) of progression rates were −0.28 (0.43) μm/y,
−0.73 (0.61) mm2/y, and −0.014 (0.012) mm3/y for OS thickness, EZ area, and OS volume,
respectively. In multivariable analysis, the progression rates of EZ area and OS volume
were strongly associated with their baseline values, with faster decline in eyes with larger
baseline values (P ≤ 0.003), and nonlinearly associated with the baseline age (P ≤ 0.003).
OS thickness decline was not associated with its baseline value (P = 0.32).

CONCLUSIONS. These results provide evidence to support using OS metrics as biomarkers to
assess the progression of XLRP and as the outcome measures of clinical trials. Given that
their progression rates are dependent on their baseline values, the baseline EZ area and
OS volume should be considered in the design and statistical analysis of future clinical
trials. Deep learning may provide a useful tool to reduce the burden of human graders
to analyze OCT scan images and to facilitate the assessment of disease progression and
treatment trials for retinitis pigmentosa.

Keywords: X-linked retinitis pigmentosa, RPGR mutation, photoreceptor outer segment
metrics, rate of progression, deep learning

Retinitis pigmentosa (RP) is a class of inherited retinal
degenerations involving progressive loss of photorecep-

tors. Inheritance can be categorized as isolated (simplex),
autosomal dominant, autosomal recessive, or X-linked reces-
sive based on family history.1–4 The proportion of X-linked
RP (XLRP) is estimated to be between 6%5 and 16%6 of RP
prevalence in the United States. Patients with XLRP showed
earlier onset and more rapid progression to blindness when
compared to other forms of RP.7–10 Hence, XLRP imposes
a comparatively greater lifetime burden of the disease.11

With potential new and emerging treatments on the horizon
for RP in general and XLRP in particular,12–15 it is essential
to understand the natural history of the disease and deter-
mine the most efficient and sensitive biomarkers for disease

progression for use as outcome measures in future treatment
trials.

Studies using optical coherence tomography (OCT) scan
images have demonstrated that the structural defects in
XLRP mainly occur in the outer retina (e.g., photoreceptors)
as the disease progresses.16–18 The disruption of the ellip-
soid zone (EZ) is clearly evident in an OCT B-scan image
when the change of photoreceptor outer segment (OS) from
visible to disappearing is within the scan area. It has been
documented that patients with retinitis pigmentosa GTPase
regulator (RPGR)-associated XLRP exhibit shortening of OS
in the early stages of the disease.19 Hence, measurement of
the surviving OS thickness or volume, as well as EZ width
or area, may provide effective biomarkers for RP. It has been
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suggested that both preserved EZ width20 and EZ area21

could serve as robust biomarkers to be used as outcome
measures in treatment trials.22

To our knowledge, no published studies have yet exam-
ined changes in OS volume in RP. One of the challenges
is that obtaining reliable OS volume measurement requires
accurate segmentation of OS boundaries, including both
the EZ band and apical retinal pigment epithelium (RPE).
Current conventional automatic OCT segmentation algo-
rithms often incorrectly identify EZ transition zones; thus,
manual segmentation by human graders is required for
accurate delineation of the OS, which is time consum-
ing and costly.23 Recent advances in deep learning (DL)–
based neural networks have provided new techniques for
automatic segmentation of retinal layers from OCT scan
images.23–27 In the past few years, we have developed several
deep machine learning models to quantify OS metrics.23,26,27

The purpose of this study was to obtain three-dimensional
(3D) OS metrics measurements with the assistance of our
deep learning models (DLMs) and to evaluate the rate of
change in OS metrics and factors associated with disease
progression in RPGR XLRP through a retrospective longitu-
dinal study.

METHODS

Study Patients

This retrospective longitudinal study reviewed male patients
with XLRP in the Southwest Eye Registry at the Retina Foun-
dation of the Southwest who typically were followed up at
1- to 2-year intervals. The inclusion criteria consisted of (1)
volume scans having the limits of the preserved EZ band
within the scan limit and having detectable EZ in at least
three B-scans within a single volume scan; (2) a minimum
of approximately a 2-year follow-up; and (3) having muta-
tions in the RPGR gene located on the X-chromosome. For
patients who participated in treatment trials, volume scans
obtained after the treatment were excluded for the treated
eyes. Among 115 male patients with RPGR-associated XLRP
who had their OCT scan visits reviewed, 47 had less than
2 years of follow-up, 28 had minimal or no detectable EZ,
and six had preserved EZ extended beyond the volume scan
window. The remaining 34 male patients met all of the inclu-
sion criteria and were selected for this study. Among these
34 patients, two eyes from two patients did not have 2-
year follow-up before treatment and were excluded from
the study, leaving 66 eyes eligible for the study. A subset
of these patients (n = 26) was reported in a previous study
that examined the rate of progression of EZ width in XLRP,20

and additional data were collected from 10 of them after the
last report.

Informed consent was obtained from the subjects before
the data were collected. The study was in accordance with
the tenets of the Declaration of Helsinki and was approved
by the Institutional Review Board at UT Southwestern Medi-
cal Center.

Automatic Retinal Layer Segmentation and
Manual Correction

A total of 342 OCT volume scans composed of 186 low-
density scans (mean B-scan separation, 0.24 mm) and 156
high-density scans (mean B-scan separation, 0.066 mm)
obtained between January 14, 2008, and July 25, 2022, using

SPECTRALIS spectral-domain optical coherence tomography
(Heidelberg Engineering, Heidelberg, Germany), were iden-
tified for the data analysis of this study. All volume scans
were exported as XML files, which were then imported into
MATLAB (MathWorks, Natick, MA, USA) to create a struc-
tured data type containing B-scan images and scan parame-
ters for each OCT scan to be processed by DLMs.

All B-scan images in a volume scan were first segmented
automatically using a DLM for retinal layer boundaries of
inner limiting membrane, distal (basal) inner nuclear layer,
EZ, proximal (apical) retinal pigment epithelium (pRPE),
and Bruch’s membrane. The details of the DLM have been
reported previously.26,27 In short, the DLM employed was
a hybrid model27 composed of first a U-Net convolutional
neural network (CNN)28 for initial, fast semantic segmenta-
tion of OCT B-scan images to obtain single-pixel boundary
lines, then a sliding-window CNN model23,29 for refinement
by correcting potential errors made in the initial segmenta-
tion. The specific model used in this study was the RP340
model as reported in Wang and Birch.26 The model was
implemented in MATLAB and trained on a Mac Pro desk-
top computer (3.2-GHz 16-Core Intel Xeon W with 192-GB
2933-MHz DDR4 RAM; Apple, Cupertino, CA, USA).

Automatically segmented B-scan images in all volume
scans were then checked and manually corrected by two
experienced human graders for any errors made by the
DLM for the boundary lines of the EZ and pRPE. Manual
correction was performed using the software of the Manual
Segmentation Utility created by the Hood Visual Science
Laboratory (New York, NY, USA).30

Photoreceptor OS Metric Measurements

To obtain 3D OS metric measurements (OS thickness, EZ
area, and OS volume), EZ and pRPE in each B-scan image of
a volume scan were extracted to obtain a two-dimensional
(2D) OS layer. The 3D OS map from each volume scan
was reconstructed by interpolating the discrete 2D OS layers
from individual B-scans over the grid of scan area. Figure 1
illustrates examples of OS thickness on mid-line B-scans
from two volume scans (red areas in Figs. 1A, 1D), the
preserved EZ area overlapped with infrared fundus images
(Figs. 1B, 1E), and the 3D OS volume maps (Figs. 1C, 1F). OS
metrics measurements were then obtained from the recon-
structed 3D OS maps. Specifically, mean OS thickness was
the average of all non-zero single-pixel OS thicknesses over
the grid; EZ area was estimated by multiplying the area of
a single grid pixel by the number of pixels with measurable
OSs; and OS volume was the sum of the products of the OS
thickness at each pixel and the pixel area.

Average OS metric measurements obtained from manual
correction of the DLM segmentation by two human graders
were used for longitudinal statistical analysis. To compare
the performance of the DLM with manual correction to that
of the DLM only, the averages of three OS metric measure-
ments were obtained.26

Statistical Analysis

For each OS metric (OS thickness, EZ area, or OS volume),
multivariable linear mixed-effects models that adjusted by
age, its baseline value, follow-up duration, and OCT scan
density and accounted for both inter-eye correlation and
longitudinal correlation31 were used to calculate the progres-
sion rate in each eye. The regression models were then

Downloaded from iovs.arvojournals.org on 04/24/2024



XLRP Photoreceptor Outer Segment Progression Rate IOVS | November 2023 | Vol. 64 | No. 14 | Article 31 | 3

FIGURE 1. Examples of OS metric measurements. The data were obtained from the left eye of patient P22. (Top row) Volume scan obtained
at the baseline. (Bottom row) Volume scan obtained 10.6 years after the baseline visit. (A,D) OS thickness (red area) on the mid-line B-scans
from the volume scans. (B, E) Preserved EZ area overlapped with infrared fundus images; (C, F) OS volume maps. Note that, in the volume
maps, the z-axis is in micrometers, different from the x-axis and y-axis, which are in millimeters.

applied to determine the factors associated with the progres-
sion rate of each OS metric, including baseline age and base-
line OS metrics (grouped based on quartiles). Their asso-
ciations with progression rate were assessed using linear-
trend P values and R2. In addition, EZ area progression was
modeled with and without square-root transformation to
evaluate whether the square-root transformation eliminates
the dependency of progression rate on baseline values. Simi-
larly, OS volume progression was modeled with and with-
out cube-root transformation to evaluate whether the cube-
root transformation eliminates the dependency of progres-
sion rate on baseline values. Bland–Altman plots32 were
employed to assess agreement of the OS metrics measure-
ments from the DLM with versus without manual correction.
All of the statistical comparisons were made in SAS 9.4 (SAS
Institute, Cary, NC, USA), and two-sided P< 0.05 was consid-
ered statistically significant.

Data Availability

The datasets generated during the current study and the
algorithm employed to obtain automatic segmentation and
OS metrics measurements are available at https://github.
com/yzwang23/RFSW_RP_DLM/.

RESULTS

Rate of OS Metrics Progression and Associated
Factors

Table 1 shows the demographics, follow-up length, number
of follow-up visits, and baseline characteristics of the partic-

ipants. Age at the first visit for OCT volume scans ranged
from 8.4 to 45.6 years. Race/ethnicity was reported as white
for 30 participants (88%), black for one participant (3%),
Hispanic for no participants (0%), and other for three partic-
ipants (9%). The length of follow-up ranged from 1.9 to
12.5 years. The number of follow-up visits ranged from two
to 16. Baseline visual acuity and OS metrics measurements
are also reported in this table.

Linear mixed-effects models were used to calculate
progression rates of OS metrics for each eye. The overall
mean (SD) progression rates were −0.28 (0.43) μm/y for OS
thickness, −0.73 (0.61) mm2/y for preserved EZ area, and
−0.0142 (0.0118) mm3/y for OS volume. Relative to their
mean at baseline, the estimated annual percent progression
rates were −1.5% for OS thickness, −9.6% for EZ area, and
−9.2% for OS volume.

Figure 2 shows OS metrics as a function of the age at
the time when OCT images were obtained for the right eye
of each participant. Both preserved EZ area (Fig. 2B) and
OS volume (Fig. 2C) had a clear decline over time, and the
decline rate was smaller in eyes with a lower baseline value.
In comparison, OS thickness (Fig. 2A) showed an overall
trend of decline over time with much larger intersubject and
intergrader variabilities. The results obtained from the left
eyes of these patients were very similar to those of the right
eyes. The inter-eye correlation coefficients in the progression
rate of OS metrics were 0.37 (95% confidence interval [CI],
0.03–0.64) for OS thickness, 0.90 (95% CI, 0.80–0.95) for EZ
area, and 0.88 (95% CI, 0.77–0.94) for OS volume.

Table 2 shows the multivariable analysis results for
progression rates of OS metrics by the levels of the associ-
ated factors. The grouping of eyes was based on quartiles of
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TABLE 1. Demographics, Follow-Up Length and Number of Visits, and Baseline Characteristics of Participants

n (%) Mean (SD) Median (Q1, Q3) Range

Demographics
Gender
Male 34 (100) — — —
Female 0 (0) — — —

Race
White 30 (88) — — —
Black 1 (3) — — —
Hispanic 0 (0) — — —
Others 3 (9) — — —

Age at baseline (y) — 16.8 (8.1) 14.7 (12.2, 18.7) 8.4–45.6

Follow-Up With OCT Volume Scans
Follow-up length (y) — 5.6 (4.0) 3.0 (2.9, 10.6) 1.9–12.5
Number of follow-up visits — 4.9 (3.1) 4.0 (3.0, 5.0) 2–16

Baseline Characteristics
BCVA (logMAR)
Right eye (n = 33) — 0.26 (0.18) 0.20 (0.10, 0.33) 0.00–0.80
Left eye (n = 33) — 0.25 (0.16) 0.20 (0.10, 0.40) 0.00–0.70
All eyes (n = 66) — 0.25 (0.17) 0.20 (0.10, 0.40) 0.00–0.80

OS metric measurements
Right eye (n = 33)

OS thickness (mm) — 18.28 (4.11) 18.14 (16.30, 20.59) 10.74–29.61
EZ area (mm2) — 7.66 (8.04) 4.28 (2.56, 10.20) 0.37–28.58
OS volume (mm3) — 0.156 (0.194) 0.081 (0.043, 0.188) 0.004–0.790
Square root of EZ area (mm) — 2.45 (1.30) 2.07 (1.60, 3.19) 0.58–5.34
Cube root of OS volume (mm) — 0.467 (0.190) 0.433 (0.349, 0.573) 0.152–0.924

Left eye (n = 33)
OS thickness (mm) — 18.43 (4.67) 17.97 (16.14, 20.76) 9.74–29.10
EZ area (mm2) — 7.54 (7.78) 4.44 (2.41, 10.23) 0.64–27.57
OS volume (mm3) — 0.154 (0.190) 0.080 (0.036, 0.201) 0.006–0.801
Square root of EZ area (mm) — 2.43 (1.28) 2.06 (1.55, 3.20) 0.79–5.25
Cube root of OS volume (mm) — 0.466 (0.189) 0.431 (0.330–0.585) 0.179–0.929

All eyes (n = 66)
OS thickness (mm) — 18.36 (4.37) 18.10 (16.33, 20.59) 9.74–29.61
EZ area (mm2) — 7.60 (7.85) 4.32 (2.44, 10.11) 0.37–28.58
OS volume (mm3) — 0.155 (0.190) 0.081 (0.038, 0.198) 0.004–0.801
Square root of EZ area (mm) — 2.45 (1.28) 2.08 (1.56, 3.18) 0.61–5.35
Cube root of OS volume (mm) — 0.466 (0.188) 0.432 (0.335, 0.583) 0.152–0.929

BCVA, best-corrected visual acuity.
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FIGURE 2. OS metric measurements obtained using the DLM with manual correction as a function of the age at the time when the OCT
image was obtained. (A) Mean OS thickness; (B) EZ or OS area; and (C) OS volume. Only the data obtained from the right eyes are shown
in this figure (n = 33). One patient had only the left eye included in the study because the right eye did not have 2-year follow-up before
treatment. Error bars indicate ±1 SD of two OS metric measurements from the manual correction of DLM segmentation by two human
graders. To reduce the cluster introduced by the error bars and to improve the visualization, (A) shows only the representative error bars
for a few selected patients. “P” in the figure refers to individual patient.

baseline OS metrics measurements to ensure that subgroups
had similar sample sizes. The progression rates of preserved
EZ areas and OS volumes were strongly associated with their
baseline values, with faster declines in eyes with larger base-

line values (P ≤ 0.003), but OS thickness was not associated
with its baseline value (P = 0.32). In addition, progression
rates in preserved EZ area and OS volume were nonlinearly
associated with the baseline age (P ≤ 0.003), with the largest
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TABLE 2. Rate of OS Metrics Progression by Levels of the Associated Factors

DLM Segmentation With Manual Correction (Average of Two Human Graders)

OS Metrics Associated Factors Subgroups, n Eyes, n

Mean (SD) Rate
of Progression

Per Year

Linear
Trend
P Value*

Prediction of Progression
Rate by Baseline Factors

R2 (95% CI)

OS thickness (mm) Baseline OS thickness (mm) ≤16 15 −0.092 (0.508) 0.32 0.04 (0.00–0.27)
>16, ≤18 17 −0.264 (0.319)
>18, ≤20 15 −0.225 (0.244)

>20 19 −0.477 (0.495)
Baseline age (y) ≤10 14 −0.098 (0.476) 0.50 0.01 (0.00–0.20)

>10, ≤15 22 −0.295 (0.346)
>15, ≤25 20 −0.315 (0.449)

>25 10 −0.416 (0.452)
Follow-up length (y) ≤3 31 −0.316 (0.490) 0.81 —

>3, ≤10 17 −0.170 (0.405)
>10 18 −0.313 (0.319)

EZ area (mm2) Baseline EZ area (mm2) ≤2 13 −0.141 (0.105) <0.001 0.51 (0.24–0.85)
>2, ≤4 17 −0.418 (0.128)
>4, ≤10 17 −0.742 (0.418)

>10 19 −1.391 (0.619)
Baseline age (y) ≤10 14 −0.875 (0.602) <0.001 0.18 (0.06–0.35)

>10, ≤15 22 −1.072 (0.739)
>15, ≤25 20 −0.507 (0.273)

>25 10 −0.199 (0.175)
Follow-up length (y) ≤3 31 −0.867 (0.573) 0.21 —

>3, ≤10 17 −0.587 (0.558)
>10 18 −0.617 (0.709)

OS volume (mm3) Baseline OS volume (mm3) ≤0.04 17 −0.004 (0.003) 0.003 0.42 (0.19–0.86)
>0.04, ≤0.08 15 −0.009 (0.003)
>0.08, ≤0.20 18 −0.014 (0.007)

>0.20 16 −0.030 (0.012)
Baseline age (y) ≤10 14 −0.015 (0.011) 0.003 0.13 (0.02–0.33)

>10, ≤15 22 −0.021 (0.014)
>15, ≤25 20 −0.011 (0.007)

>25 10 −0.005 (0.006)
Follow-up length (y) ≤3 31 −0.017 (0.010) 0.20 —

>3, ≤10 17 −0.011 (0.012)
>10 18 −0.012 (0.014)

Square root of EZ area Baseline square root of EZ ≤1.5 15 −0.052 (0.021) 0.008 0.25 (0.03–0.62)
(mm) area (mm) >1.5, ≤2 15 −0.124 (0.031)

>2, ≤3 16 −0.204 (0.118)
>3 20 −0.224 (0.119)

Baseline age (y) ≤10 14 −0.216 (0.137) <0.001 0.25 (0.12–0.47)
>10, ≤15 22 −0.209 (0.111)
>15, ≤25 20 −0.108 (0.048)

>25 10 −0.061 (0.035)
Follow-up length (y) ≤3 31 −0.188 (0.110) 0.12 —

>3,≤10 17 −0.127 (0.108)
>10 18 −0.133 (0.109)

Cubic root of OS Baseline cubic root of OS ≤0.3 12 −0.011 (0.005) 0.11 0.11 (0.00–0.44)
volume (mm) volume (mm) >0.3, ≤0.4 16 −0.020 (0.009)

>0.4, ≤0.5 14 −0.029 (0.015)
>0.5 24 −0.029 (0.017)

Baseline age (y) ≤10 14 −0.030 (0.018) <0.001 0.21 (0.07–0.45)
>10, ≤15 22 −0.030 (0.015)
>15, ≤25 20 −0.017 (0.008)

>25 10 −0.012 (0.008)
Follow-up length (y) ≤3 31 −0.028 (0.013) 0.09 —

>3, ≤10 17 −0.018 (0.017)
>10 18 −0.020 (0.014)

* Modeling the original baseline measurement data as continuous variables.
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FIGURE 3. Mean OS metric measurements versus follow-up time in years. (A) Mean OS thickness; (B) mean EZ area; and (C) mean OS volume.
Zero on the horizontal axis represents the baseline visit. The vertical axis scale is about a third of that in Figure 2 for the corresponding OS
metric. The dashed lines and formulas are linear regressions fit to the data. The number of patients in each follow-up year was 34 (66 eyes)
for the baseline visit, 27 (51 eyes) for the year 1 visit, 25 (47 eyes) for the year 2 visit, and 18 (34 eyes) for the year 3 visit. Error bars indicate
±1 SE of mean OS metric measurements. R2 is the coefficient of determination for the association between the OS metrics and follow-up
time.

decline in age at 10 to 15 years. Progression rates were not
associated with the length of follow-up (P ≥ 0.20) or OCT
scan density (P ≥ 0.18).

Figure 3 plots mean OS metrics measurements as a func-
tion of follow-up time in years. All visit dates were rounded
up to the nearest integer years for calculating their mean
values at annual intervals. Due to the varied follow-up
lengths for the participants, the number of patients having
OCT scans decreased with time. To ensure a sufficient
sample size, Figure 3 only shows the average OS metrics
measurements from the first 3 years of follow-up visits where
the number of patients was 34 (66 eyes) for the baseline visit,
27 (51 eyes) for the year 1 visit, 25 (47 eyes) for the year 2
visit, and 18 (34 eyes) for the year 3 visit. The linear regres-
sion slopes from Figure 3 are −0.239 μm/y for OS thickness,
−1.065 mm2/y for preserved EZ area, and −0.023 mm3/y for
OS volume, in close agreement with the rates of change of
OS metrics determined by the linear mixed-effects model
analysis.

Square Root Transformation of Preserved EZ Area
and Cube Root Transformation of OS Volume

Table 2 also shows the progression rates calculated from
the square roots of preserved EZ areas and the associated
factors. The overall mean (SD) progression rate was −0.157
(0.111) mm/y for the square root of preserved EZ area. Rela-
tive to their mean baseline value (Table 1), the estimated
annual percent rate of progression was −6.4% for the square
root of preserved EZ area, which was strongly associated
with its baseline value (P = 0.008) and the baseline age (P
< 0.001). As illustrated in Table 2 and Figure 4, R2 for the
association between the preserved EZ area progression rate
and its baseline value was 0.51, double that between the
square root of the preserved EZ area progression rate and
its baseline value.

In addition, Table 2 includes the progression rates of the
cube root of OS volume and the associated factors. The over-
all mean (SD) progression rate was −0.023 (0.015) mm/y
for the cube root of OS volume. Relative to their mean base-
line values (Table 1), the estimated annual percent rate of
progression was −4.9%. Unlike the square root of preserved

EZ area but similar to OS thickness, the change of cube root
of OS volume was not associated with its baseline value (P
= 0.11). Figures 4C and 4D plot the progression rates of OS
volume and cube roots of OS volume against their baseline
values, respectively. R2 was 0.42 between the progression
rate of OS volume and its baseline value. In comparison, R2

was 0.11 between the progression rate of the cube root of
OS volume and its baseline value.

Agreement in OS Metrics Measurements Between
the DLM Without Versus With Manual Correction

Figure 5 shows Bland–Altman plots comparing OS metrics
determined by the DLM without versus with manual correc-
tion. Here the average measurements of two graders were
used to compare with the DLM only to reduce the variabil-
ity, as there was a performance difference between grader 1
and grader 2. The DLM alone overestimated OS thickness by
a mean (SD) of 2.5 (1.37) μm, underestimated the preserved
EZ area by a mean (SD) of −0.87 (0.94) mm2, and under-
estimated the OS volume by a mean (SD) of −0.008 (0.013)
mm3. The coefficients of repeatability (CoRs) calculated as
1.96 times the SDs of the difference32 were 2.68 μm for OS
thickness, 1.83 mm2 for preserved EZ area, and 0.025 mm3

for OS volume, respectively.
As a comparison, Bland–Altman analysis of the OS

metrics measurements between two human graders revealed
a mean difference (SD) of 3.15 (1.68) μm for OS thickness,
−0.88 (0.93) mm2 for preserved EZ area, and −0.004 (0.006)
mm3 for OS volume. CoRs were 3.29 μm for OS thickness,
1.82 mm2 for preserved EZ area, and 0.012 mm3 for OS
volume. The agreement in OS metric measurements between
the DLM with versus without manual correction of human
graders was comparable to that between two human graders.

The performance of the DLM only was also compared
with that of individual graders. For the DLM only versus
grader 1, the mean differences (SD) were 0.97 (1.36) μm for
OS thickness measurement, −0.43 (0.63) mm2 for preserved
EZ area measurement, and −0.006 (0.011) mm3 for OS
volume measurement. The CoRs were 1.17 μm for OS thick-
ness, 1.23 mm2 for preserved EZ area, and 0.022 mm3 for
OS volume. For the DLM only versus grader 2, the mean
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differences (SD) were 4.12 (1.81) μm for OS thickness,−1.31
(1.34) mm2 for preserved EZ area, and −0.010 (0.014) mm3

for OS volume. The CoRs were 4.12 μm for OS thickness,
2.62 mm2 for preserved EZ area, and 0.028 mm3 for OS
volume.

DISCUSSION

This study evaluated the progression rate of OS metrics in
male patients with XLRP associated with an RPGR muta-
tion. The results of this study demonstrated for the first
time that, with the assistance of DLMs, it is possible to
analyze volumetric measurements of photoreceptor OSs in a
large OCT image dataset of XLRP. This allowed quantitative
measurement of longitudinal changes of OS volume, as well
as preserved EZ area and OS thickness, to assess disease
progression. The linear mixed-effects models revealed that
the progression rates of preserved EZ area and OS volume
were dependent on their baseline values, with faster declines
in eyes with larger baseline values. Relative to their means
at baseline, the overall annual decreases for preserved EZ
area and OS volume were around 9.5%. A previous study
predicted a 13% reduction in EZ area based on a 7% annual
decrease in EZ width,20 and this predicted rate of decrease
is comparable to the 14% to 16% annual percent decrease
of EZ area estimated from Table 2 for the subgroups with
middle-level baseline EZ area.

Among the three OS metrics, 3D OS volume had a percent
rate of progression comparable to that of the 2D EZ area
but it was more than 6 times faster than one-dimensional
(1D) OS thickness, which had an annual reduction of 1.5%.
Although a 1D metric, such as EZ width as discussed in
the previous paragraph, may show a smaller percent rate
of change, the much slower percent progression rate for
OS thickness is likely due to the limited range of OS thick-
ness, as well as the axial resolution of OCT A-scans. Given
an A-scan resolution of 3.87 μm/pixel for SPECTRALIS OCT
and a mean baseline OS thickness around 20 μm among
the patients with XLRP in this study, the mean OS thick-
ness was only represented by 5 pixels. Thus, a shift of 1
pixel in the retinal layer boundary segmentation of EZ/pRPE
would lead to a 20% change of OS thickness, which would
result in a larger measurement variability to mask the actual
change of OS thickness.27 Hence, mean OS thickness alone
may not be a good candidate as a biomarker. On the other
hand, the EZ area contributes to OS volume the most and
dictates the variability of OS volume measurements. Because
of the large range of EZ areas (>60 mm2 from 9-mm volume
scans) and high-resolution of B-scans (∼5.8 μm/pixel), the
impact of segmentation errors on the measurement of EZ
area, and hence OS volume, is much smaller than that on
OS thickness. Therefore, both EZ area and OS volume are
better and more effective candidates than OS thickness as
biomarkers to monitor disease progression in XLRP. The
question is whether OS volume could offer something that
EZ area could not, if, for example, a treatment increased the
sensitivity of surviving photoreceptors with the increase of
their outer segment length but not the area of preserved EZ.
Although OS volume could be a potential new biomarker for
assessing disease progression in XLRP, further studies are
required to determine whether OS volume has any advan-
tages over EZ area.

From the imaging and mathematical points of view, the
progressive loss of the EZ band and hence EZ area over
time in RP is the opposite of the progressive increase of

geographic atrophy (GA) area over time in age-related macu-
lar degeneration. It has been shown that the growth rate
of the square root of GA area is independent of baseline
GA size,33 leading to the suggestion that using the square
root transformation of GA area measurements could poten-
tially eliminate the dependence of growth rates on baseline
lesion.34 In contrast, our results showed that the progression
rate of the preserved EZ area in XLRP was dependent on its
baseline value even after the square root transformation. Our
finding is consistent with a previous study showing a weak
relationship between loss of EZ width and the initial width
of the EZ band in XLRP, where the greater the initial EZ band
width, the greater annual loss of EZ band (R2 = 0.16, P =
0.03).20 A possible explanation for this difference may be
due to the different patterns of disease progression for RP
and GA. Another reason could be that, in our study, we had
more cases of large EZ area (>10 mm2) when compared to
the atrophy sizes reported in the GA studies.33,34 As Feuer et
al.34 noted, very small and very large lesions are expected to
grow more slowly in GA, as demonstrated in a more recent
study that included more cases of large-size GA (up to 30
mm2) which showed that the square root transformation did
not eliminate the dependence of the rate of progression of
GA on baseline lesion size.35 Hence, the square root transfor-
mation may not be applicable to datasets with an extended
range of baseline values.

On the other hand, the progression rate of 1D cube roots
of OS volume was not associated with its baseline value,
similar to the result that the change of OS thickness was not
associated with its baseline value. This finding could be due
to the reduced range of 1D measures after cube root trans-
formation of OS volume (Fig. 4D), as well as the increased
intersubject variability because of the larger variability of OS
thickness measurements as shown in Figure 2A. It appears
that the 1D cube root of OS volume behaves closer to OS
thickness than the 1D square root of EZ area. Further studies
may be needed with increased sample sizes and improved
OS thickness measurements (for example, by employing
ultra-high-resolution OCT scans) to address the apparent
difference in dependence on baseline values between 1D
measures from square root transformation of EZ area and
from cube root transformation of OS volume.

In this study, manual correction by human graders was
performed on the automatic segmentation results of a deep
learning model. Preliminary timing analysis revealed that
the average times (SD) of two graders to examine and
correct DLM segmentations of EZ and pRPE were 4.10 (2.04)
minutes for a low-density (31-line) volume scan and 9.33
(1.76) minutes for a high-density (121-line) volume scan,
suggesting that DL segmentation with manual correction
can potentially be more efficient than traditional manual
grading. On the other hand, the DL with manual correction
segmentation method could be different from the conven-
tional gold standard of manual grading. It has been demon-
strated in our previous study, employing the same DLM
as the one in this study, that there was a close agreement
between the DLM only and the manual grading by a read-
ing center for the EZ area measurements. Bland–Altman
analyses showed similar findings for EZ area measurements
in two studies, with a CoR of 1.83 mm2 from this study
compared to 1.62 mm2 from the previous study. In addi-
tion, the performance comparison between the DLM only
and the DLM with manual correction of human graders was
comparable to that between two human graders. The manual
correction method in this study may be different from the
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conventional method of human grading, and additional stud-
ies are needed to compare OS metrics measurement by the
DLM and by different human grading methods, including
the traditional manual segmentation approaches, to establish
DLMs with manual correction as a potential new gold stan-
dard. However, our results suggest that automatic OS metric
measurements by DLM are comparable to those obtained by
manual grading.

The comparison of the performance between human
graders as well as between individual graders and the DLM
revealed that intergrader variability as determined by CoR
was higher than that for the DLM versus grader 1 for OS
thickness measurement and to some degree for EZ area
measurement, whereas intergrader variability was smaller
than that between the DLM versus grader 2. It is worth point-
ing out that grader 2 was one of the main contributors to the
generation of the training data (the ground truth) for the
DLM, but grader 1 had no input to the training data for the
DLM. Nevertheless, it appears that grader 1 and the DLM are
closer to each other than grader 2 and the DLM. These results
suggest that intragrader variability, as well as intergrader
variability, may contribute to the difference between individ-
ual graders and the DLM. Because the DLM was trained with
the data generated from human graders with intra- and inter-
grader variability, it may reflect an “average” performance of
graders.

In summary, the results from this study provide evidence
to support using OS volume and EZ area as biomarkers to
assess the progression of XLRP and as the outcome measures
to evaluate treatment effects in clinical trials. Because the
primary outcome measure of RP clinical trials is vision, it is
also important to demonstrate the relationship between OS
metrics and visual function, such as visual field sensitivity.
Our preliminary results have shown that mean visual field
sensitivity had much higher correlation coefficients with EZ
area (r = 0.84) and OS volume (r = 0.84) than OS thickness
(r = 0.45) in RP.36 Given that their progression rates are
dependent on their baseline values, the baseline values of
OS metrics should be considered in the design and statisti-
cal analysis of future clinical trials for XLRP. Our results also
suggest that DL may provide effective tools to significantly
reduce the burden of human graders when analyzing OCT
scan images and to facilitate the study of structure and func-
tion relationships,36 in addition to the use of DL to assess
disease progression, particularly with respect to future treat-
ment trials for RP in general and XLRP in particular.
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