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Introduction

Glaucoma is a progressive optic neuropathy charac-
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Purpose: To compare peripapillary retinal nerve fiber layer (pRNFL) and macular
ganglion cell-inner plexiform layer (mGCIPL) thickness measurements obtained with
spectral domain optical coherence tomography (SD-OCT) and swept-source OCT
(SS-OCT) using an OCT-angiography scanning protocol, and their ability to distinguish
among patients with glaucoma, glaucoma suspects (GS), and healthy controls (HC).

Methods: Cross-sectional study of 196 eyes (81 glaucoma, 48 GS, and 67 HC) of 119
participants. Participants underwent peripapillary and macular OCT with SD-OCT and
SS-OCT. Parameters of interest were average and sector-wise pRNFL and mGCIPL thick-
ness. Inter-device agreement was investigated with Bland-Altman statistics. Conversion
formulas were developed with linear regression. Diagnostic performances were evalu-
ated with area under the receiver operating characteristic curves.

Results: Both SD-OCT and SS-OCT detected a significant pRNFL and mGCIPL thinning in
glaucoma patients compared to HC and GS for almost all study sectors. A strong linear
relationship between the two devices was present for all quadrants/sectors (R?> > 0.81,
P < 0.001), except for the nasal (R?> = 0.49, P < 0.001) and temporal (R?> = 0.62, P < 0.001)
pRNFL quadrants. SD-OCT and SS-OCT measurements had a proportional bias, which
could be removed with conversion formulas. Overall, the two devices showed similar
diagnostic abilities.

Conclusions: Thickness values obtained with SD-OCT and SS-OCT are not directly
interchangeable but potentially interconvertible. Both devices have a similar ability to
discriminate glaucoma patients from GS and healthy subjects.

Translational Relevance: OCT-Angiography scans can be reliably used to obtain struc-
tural metrics in glaucoma patients.

(pPRNFL) and macular ganglion cell-inner plexiform
layer (mGCIPL) thickness and, along with VF and disc
photography, is an established tool in the management
of glaucoma patients.!

translational vision science & technology

terized by degeneration of retinal ganglion cells and
their axons (retinal nerve fibers), which results in
typical changes of the optic nerve head (ONH), retinal
nerve fiber layer (RNFL), and visual field (VF). Struc-
tural optical coherence tomography (OCT) provides
accurate measurements of both peripapillary RNFL
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OCT technology has considerably evolved through-
out the past two decades. Time-domain OCT (TD-
OCT) was the technology used for the first commer-
cially available device and was subsequently replaced
by spectral-domain OCT (SD-OCT). Several studies
have shown that peripapillary and macular thick-
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ness parameters as calculated by these two technolo-
gies are not interchangeable, despite being closely
related.”> 7 In their commercial implementations, SD-
OCT allows for faster scans and higher resolution
compared to TD-OCT. SD-OCT devices have shown
greater ability to detect early glaucomatous changes
than TD-OCT.® Moreover, SD-OCT may better detect
structural progression and quantify its rates because of
the lower measurement variability.*

OCT technology has further advanced with the
introduction of swept-source-OCT (SS-OCT), which
became available in clinical practice in 2012. SS-OCT
has considerably higher scanning speed (~100 000 A-
scans/sec) than SD-OCT (25,000-85,000 A-scans/sec)
and relies on longer wavelengths (1060 nm, compared
to 840-850 nm of SD-OCT), allowing better visual-
ization of deep structures such as choroid, lamina
cribrosa, and sclera. On the other hand, SD-OCT
devices have higher axial resolution than SS-OCT,
because axial resolution scales with the square of the
central wavelength and the inverse of the bandwidth
of the applied light source. Thanks to enhanced
depth imaging and frame averaging, SD-OCT remains
competitive in evaluating deep structures. Because of
the longer wavelength, SS-OCT may have less light
scattering from inner retinal layers, resulting in a lower
signal-to-noise ratio.

A limited number of studies have explored the
diagnostic capabilities of SS-OCT in glaucoma and
the level of agreement with SD-OCT.”"!! Most of the
studies compared devices from different manufactur-
ers, which have differences in scanning and acquisi-
tion protocols, segmentation algorithms, and image
processing methods. This limits the ability to under-
stand whether any differences between SD-OCT and
SS-OCT are due to the different scanning technol-
ogy or the device used. Previous studies have shown
that measurement values obtained with different SD-
OCT devices from different manufacturers are not
interchangeable and have both systematic and propor-
tional bias.”>!'>"'* To our knowledge, only Tan and
colleagues'> performed a study comparing an SD-
OCT and an SS-OCT from the same manufacturer,
and they found a good-to-excellent level of agree-
ment between the two devices. This work also showed
that OCT-angiography scanning protocols may reliably
provide peripapillary vascular and structural data at
the same time. The study, however, had several limita-
tions, including the small sample size (especially with
regard to glaucoma cohort), lack of information about
the macular region, manual and operator-dependent
segmentation of pRNFL boundaries for the SS-OCT
scans, use of in-house algorithms to post-process SS-
OCT raw images, and no information on whether
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SS-OCT and SD-OCT have similar ability to diagnose
glaucoma.

In this study, we provide a comprehensive compar-
ison between SD-OCT using a standard glaucoma
acquisition protocol and SS-OCT using an OCT-
angiography scanning protocol. We compared peripap-
illary and macular thickness values obtained with the
two devices, estimated clinical dynamic range and
measurement floor, evaluated the interdevice agree-
ment and their influencing factors, and tested these
two devices’ ability to distinguish among patients with
glaucoma, suspected glaucoma, and healthy subjects.

Study Population

In this cross-sectional diagnostic study, we prospec-
tively enrolled patients with glaucoma, suspected
glaucoma, and healthy controls (HCs) between
September 2016 to August 2019 at the Department
of Ophthalmology, San Raffaele Scientific Institute,
Milan, Italy. The study adhered to the tenants of the
Declaration of Helsinki and was approved by San
Raffaele’s Hospital Ethics Committee. All participants
provided written consent to participate in observa-
tional studies. The same cohort of patients and data
were used in another publication.'®

We prospectively identified patients diagnosed with
primary open-angle glaucoma or glaucoma suspect
(GS) by a glaucoma specialist. Patients meeting
the study criteria were invited to enter the study.
Patients with glaucoma were defined by the presence
of ONH features (e.g., characteristic RNFL defects,
neuroretinal rim thinning or notching) at the dilated
fundus examination attributed to primary open-angle
glaucoma based on a review of all clinical informa-
tion, as determined by the glaucoma specialist treat-
ing the patient. The presence of a VF defect was not
strictly required to make a diagnosis of glaucoma. Two
investigators (A.R. and FF.) masked to the diagno-
sis collegially reviewed all the visual fields during the
data analysis phase and determined whether a clini-
cally relevant visual field abnormality attributable to
glaucoma was present. All glaucoma patients were
found to have evidence of glaucomatous VF defects
in at least one study eye. Patients with suspected
glaucoma were defined by either ocular hyperten-
sion or suspicious-looking ONH (e.g., large ONH
cupping with no neuroretinal rim thinning/notching,
cup vertical elongation, optic disc hemorrhage with
intact neuroretinal rim) in the absence of any glauco-
matous VF damage, as determined by the clinician
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treating the patient. Ocular hypertension was defined
as untreated intraocular pressure > 21 mm Hg in at
least two visits six months or more apart. OCT imaging
was not used to make a diagnosis of glaucoma or GS.
Healthy subjects were recruited in the ophthalmology
department among staff members, patients’ spouses
or friends (not relatives), and patients with no ocular
disease who came for refraction only. Healthy subjects
had no evidence of glaucomatous damage and were
required to have (i) normal-appearing ONH with intact
rim, intact RNFL, and intereye vertical cup-to-disc
ratio asymmetry <0.2; (ii) normal VF with glaucoma
hemifield test within normal limits, and (iii) intraoc-
ular pressure < 21 mm Hg. Regardless of the group,
all patients were required to fulfil the following study
inclusion criteria: age equal to 18 years or greater; open
angles on gonioscopy, defined as trabecular meshwork
visible for >180°; spherical equivalent between —6
and +3 diopters. Common exclusion criteria were any
other ocular disease or any systemic disease potentially
affecting OCT imaging; media opacity or poor fixation
preventing adequate image acquisition; and previous
intraocular surgery except uneventful cataract surgery
> 6 months before enrollment in the study. Each partici-
pant was assigned to a diagnostic category based on the
status of the worse eye; both eyes of the same patient
were included if study criteria were met.

All patients underwent comprehensive examination
including dynamic gonioscopy, Goldmann applana-
tion tonometry, pachymetry, dilated fundus exami-
nation, Humphrey VF using 30-2 grid, stimulus
III, SITA-standard algorithm, spectral-domain OCT
(Cirrus HD-OCT 5000; Zeiss, Dublin, CA, USA) and
swept-source OCT-A (PLEX Elite 9000; Zeiss). OCT
scans were acquired after pupil dilation. Two inves-
tigators (A.R., F.F)) reviewed all OCT images colle-
gially, excluding those with poor centration, segmen-
tation failure, and artifacts (e.g., motion, blinking).

Spectral-Domain OCT

Peripapillary (optic disc 200 x 200 cube) and
macular (macular 512 x 128 cube) scans were
acquired with the Cirrus HD-OCT 5000 to obtain
pRNFL and mGCIPL thickness values, respectively.
For the peripapillary scans, average and quadrant-wise
pRNFL thicknesses were extracted. For the macular
scans, average, minimum, and sector-wise mGCIPL
thickness values were obtained.

Swept-Source OCT

Peripapillary and macular 6 x 6 mm cubes
centered on the ONH and fovea were acquired with
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the PLEX Elite 9000 device. Anonymized raw data
were exported and uploaded in the Advanced Retina
Imaging Network Hub (https://arinetworkhub.com),
a cloud collaboration platform providing access to
its members to a wide range of prototype research
algorithms to analyze images acquired with the PLEX
Elite 9000 device. Peripapillary and macular cubes were
analyzed using the Nerve Fiber Layer Microvascula-
ture Density v0.9 and Superficial and GCIPL analy-
sis v0.3 algorithms, respectively. These are early proto-
type algorithms developed by Zeiss.!”-!® Because these
are prototype algorithms, we carefully reviewed all
output images and values for accuracy of the analysis.
For the peripapillary scans, average and quadrant-wise
pRNFL thicknesses were extracted. For the macular
scans, average and sector-wise mGCIPL thickness
values were obtained.

Statistical Analysis

Statistical analysis was performed with the open-
source software R (R Foundation for Statistical
Computing, Vienna, Austria). All tests were two-tailed,
and P values <0.05 were considered statistically signif-
icant. For continuous variables, frequency histograms
and quantile-quantile plots were visually inspected
to determine the distribution (Gaussian vs. non-
Gaussian). Continuous Gaussian and non-Gaussian
variables were reported as mean (% standard devia-
tion [SD]) and median (interquartile range), respec-
tively; discrete variables were reported as frequencies
and proportions.

Differences in patient-related demographic and
clinical variables among patients with glaucoma, GSs,
and HCs were tested with analysis of variance with
Tukey post-hoc test and y? for continuous and categor-
ical variables, respectively. Differences for eye-related
variables among the three groups were tested with
linear mixed models, which are extensions of tradi-
tional linear models and allow us to account for corre-
lated observations, such as the inclusion of two eyes of
the same subject. In our models, the patient identifica-
tion number was the random effect term to account for
within-subject correlations because of the inclusion of
two eyes of the same patient. Differences in pRNFL
and mGCIPL thickness values among the three groups
as a function of the OCT device were investigated with
linear mixed models. In these models, peripapillary or
macular thickness values were the outcome variable,
the diagnostic status was the fixed factor along with the
patients’ age and device signal strength (SS) to account
for differences in these variables among the groups, and
the patient ID was the random effect term to account
for the inclusion of both eyes of the same patient.
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Potential factors associated with the absolute differ-
ence in thickness values between the two OCT devices
were investigated with linear mixed models. The follow-
ing covariates were screened: age, gender, diagnostic
status (i.e., glaucoma, GS, HC), averaged thickness
values and SS between the two devices, the difference in
SS between the two devices, scan location (i.e., peripap-
illary, macula), and disc area. Variables to enter in
the final model were selected with the least absolute
shrinkage and selection operator (LASSO) regression.
LASSO is a form of penalized linear regression that
shrinks some coefficients’ magnitude and sets others
to zero; non-zero coefficients were kept into the final
model. Variables selected by LASSO regression were
entered as fixed factors in the multivariable model,
whereas the patient and eye identification number were
the outer and inner random effect term to account
for within-subject (two eyes of the same patient) and
within-eye (multiple quadrants/sectors from the same
OCT scan belonging to the same eye) correlations.

Univariable linear regression between thickness
values as measured by the two OCT instruments was
performed for each pair of quadrants. Bivariate plots
were visually inspected to assess the degree and pattern
of relationships, and coefficients of determination (R?)
and P values were used to summarize the strength of
linear relationships. Bland-Altman statistics and plots
were used to investigate the agreement between the two
devices. Calibration equations between the two OCT
devices for each of the measures of interest were calcu-
lated with linear regression.

Diagnostic abilities to distinguish between (1)
glaucoma patients and HCs and (2) glaucoma patients
and GSs were evaluated with sensitivity at 90% speci-
ficity and area under the receiver operating charac-
teristic (AUROC). ROC curves illustrate the relation-
ship between clinical sensitivity and false-positive rate
(1-specificity) for every continuous value measured
by instruments. On the other hand, sensitivities at
fixed specificity provide pointwise information as they
inform on a single point of the ROC curve, correspond-
ing to one specific cutoff value. Age- and SS-adjusted
pRNFL and mGCIPL values were used to build the
ROC curves and estimate sensitivity at 90% speci-
ficity, using a method similar to previous studies.'6-1%-20
Briefly, a linear mixed model was fit on healthy eyes
to calculate normative values for age, SS, and sector.
For patients with glaucoma and suspected glaucoma,
the normative models were calculated from all HCs.
For HCs, normative values were estimated using a
twofold cross-validation design, where the dataset of
healthy eyes was randomly split into two halves, and
each half was used to estimate normative equations for
the other half. Because a separate dataset of healthy
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eyes was not available, the twofold cross-validation
avoids using the same eye both for parameter estima-
tion and prediction. For each eye and sector of inter-
est, we predicted age and SS normative values using the
normative equations, and we calculate the difference
between the observed and normative values. This differ-
ential value represents how much the measured thick-
ness in a given eye deviates from the expected value in
a healthy subject of the same age and with the same
image quality. Differential values between observed and
normative data were used to build the ROC curve and
calculate sensitivities at 90% specificity. By doing so,
age and SS differences were taken into consideration
without using these variables to discriminate among
groups. We clustered all the ROC curves for the patient
identification number to account for the inclusion of
two eyes of the same patient, obtain unbiased 95%
confidence intervals, and test pairwise differences, as
proposed by Obuchowski.?!

A within-study clinical dynamic range of the two
instruments was estimated for each parameter of inter-
est. The dynamic range represents the range of small-
est and largest values that an instrument can measure,
and it was calculated as the difference between the
ninety-fifth percentiles of thickness in HCs and the fifth
percentile in glaucoma patients. We chose to use the 5-
95% range, and not the full range (min and max values),
to limit the effect of potential outliers.

Two hundred twenty-three eyes of 142 participants
were enrolled. Of those, 27 eyes of 23 patients were
excluded because of poor image quality, poor centra-
tion, segmentation failure, and artifacts. The remain-
ing 196 eyes (81 glaucoma, 48 GS, and 67 HC) of
119 participants were included in the study. Table 1
illustrates demographic and main clinical character-
istics. Glaucoma patients (62.8 £+ 13.5 years) were
significantly older than GSs (50.2 4+ 15.3 years, P <
0.001) and HCs (50.3 4 14.4 years, P < 0.001). Most
glaucoma patients had mild-to-moderate VF damage
with a median (interquartile range) mean deviation of
—3.3 (—6.5 to —1.4) dB. At the peripapillary scans,
glaucoma patients had lower SS than HCs with both
Cirrus HD-OCT (P = 0.011) and PLEX Elite 9000 (P
= 0.026), whereas GSs had lower SS than HCs with
PLEX Elite 9000 (P = 0.005) but not with Cirrus HD-
OCT (P =0.55). No difference in SS among groups was
seen for macular scans.

Peripapillary RNFL thickness values as a function
of the OCT device are illustrated in Figure 1 and
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Table 1. Demographic and Main Clinical Data of Patient Cohort
Glaucoma Glaucoma

Parameters Glaucoma GS HC PValue vs HC vsGS  GSvsHC
No. Patients/Eyes 52/81 29/48 38/67
Age (y) 628+ 135 50.24+153 503+ 144 <0.001 <0.001 <0.001 1
Ethnicity, Caucasian 52 29 38
Sex, male/female 0.34

Male 20 16 16

Female 32 13 22
Eye, right/left

Right 40 23 34

Left 41 25 33
Cirrus HD-OCTSS Peripapillary, mean + SD 75+£14 78+ 1.1 8.0+1.0 0.011 0.011 0.26 0.55
PLEX Elite 9000SS Peripapillary, mean & SD 8.1+1.0 79408 8.6+0.8 0.004 0.026 0.55 0.005
Cirrus HD-OCTSS Macula, mean + SD 80+14 85+ 1.1 84+ 1.1 0.14
PLEX Elite 9000SS Macula, mean 4+ SD 84409 82408 8.7+1.0 0.13
Visual Field MD, dB, median [IQR] —3.3[-6.5t0 —-14] —1.2[-2.5t0 —0.1] 0.0[-3.0t00.9] 0.001 0.013 0.030 0.67
Disc area (mm?), mean =+ SD 1.9+04 1.9+04 1.94+03 0.72
Rim area (mm?), mean =+ SD 09+0.3 1.1£0.2 144+03 <0.001 <0.001 <0.001 <0.001

IQR, interquartile range; MD, mean deviation; SS, signal strength.
PERIPAPILLARY RNFL MACULAR GCIPL
g c
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Figure 1. Peripapillary RNFL thickness (left panel) and macular GCIPL thickness (right panel) values among patients with glaucoma,

suspected glaucoma (GS), and HC as a function of the OCT device.

detailed in Supplementary Table S1. Regardless of the
OCT device, glaucoma patients had lower peripapillary
pRNFL thickness values than HCs at all quadrants
but the temporal one (P = 0.05 and P = 0.09 for
Cirrus HD-OCT and PLEX Elite 9000, respectively).
Similarly, glaucoma patients had lower peripapillary
pRNFL thickness values than GSs with both devices
for all quadrants, except for the nasal (P =0.72and P =
0.83 for Cirrus HD-OCT and PLEX Elite 9000, respec-
tively) and temporal (P = 0.77 for PLEX Elite 9000)
quadrants. Macular GCIPL thickness values obtained
with the two OCT devices are illustrated in Figure 1
and detailed in Supplementary Table S2. Glaucoma
patients had significantly lower mGCIPL thickness
values than both HCs and GSs for all sectors.
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Figures 2 and 3, respectively, show the bivari-
ate plots and Bland-Altman plots for peripapillary
and macular measurements. Overall, the measurements
obtained with the two OCT devices followed a strong
linear relationship for all quadrants/sectors (R> >0.81,
P < 0.001), except for the nasal (R> = 0.49, P <
0.001) and, to a lesser extent, temporal (R> = 0.62,
P < 0.001) pRNFL quadrants. Macular measure-
ments had generally a stronger linear relationship than
peripapillary ones (R? > 0.85, P < 0.001). The patterns
of relationship between the two devices differed for
peripapillary and macular measurements. A propor-
tional bias between the two instruments was present,
except for the temporal pPRNFL quadrant (Fig. 3). The
relationship between differences in thickness between
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Figure 3. Bland-Altman plots of agreement for peripapillary RNFL thickness (top panel) and macular GCIPL thickness (bottom panel)

values. Black solid line indicates the no difference line. Solid blue and dashed lines represent the mean difference and 95% limits of agreements

the two instruments and their mean values was non-
uniform and varied as a function of the mean values.
For the peripapillary area, Cirrus HD-OCT measure-
ments were generally higher than PLEX Elite 9000
ones, and the discrepancy between the two instru-
ments increased for higher pRNFL thickness values.

translational vision science & technology
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For all macular measures, a variable proportional
bias was seen with Cirrus HD-OCT and PLEX Elite
9000 leading to higher thickness values in eyes with
lower and higher mGCIPL thickness, respectively. A
systematic bias existed indicating that the two devices
are not directly interchangeable; when the proportional



translational vision science & technology

SD-OCT vs SS-OCT in Glaucoma Diagnosis

TVST | June 2022 | Vol. 11 | No.6 | Article 27 | 7

Table2. AgreementBetween Measurement Obtained With Two OCT Devices According to Bland-Altman Analysis

Unadjusted for Nonuniform Differences Unbiased

Parameters MD LoA MD LoA

Peripapillary RNFL
Average 54 —6.3/17.2 0.0 —11.0/11.0
Superior quadrant 9.2 —8.6/27.1 0.0 —16.7/16.7
Nasal quadrant 36 —11.6/18.8 0.0 —14.3/14.3
Inferior quadrant 7.7 —11.2/26.5 0.0 —16.4/16.4
Temporal -1.3 —17.9/15.2 0.0 —16.6/16.6
quadrant

Macular GCIPL
Average —-1.3 —8.0/5.5 0.0 —6.0/6.0
Superotemporal —0.1 —9.8/9.7 0.0 —8.7/8.7
Superior —2.3 —10.6/6.0 0.0 —7.9/7.9
Superonasal —-20 —9.5/5.4 0.0 —7.3/7.3
Inferotemporal 0.6 —10.2/11.3 0.0 —9.0/9.0
Inferior -1.8 —11.1/7.5 0.0 —8.0/8.0
Inferonasal -1.6 —9.6/6.5 0.0 —7.5/7.5

LoA, limits of agreement; MD, mean difference.

bias was removed, however, the mean difference was no
longer present (Table 2 and Supplementary Figure S1).
Calibration equations to convert measurements from
Cirrus HD-OCT to PLEX Elite 9000 and vice versa are
given in Supplementary Table S3.

Variables selected by the LASSO regression to enter
as covariates into the multivariable model for factors
associated with the absolute difference in thickness
values between the two OCT devices were: baseline
thickness, SS difference between the two devices, scan
location (i.e., peripapillary, macula), and disc area. In
the final multivariable model, greater thickness value
(estimate [standard error {SE}]=1.0[0.1] um for every
10 um increase, P < 0.001) and peripapillary scans
(estimate [SE] = 4.4 [0.2] um vs. macular scans, P
< 0.001) were significantly associated with increased
interdevice absolute difference, whereas the SS differ-
ence between the two devices (estimate [SE] = 0.1 [0.1]
um for each unit increase, P = 0.46) and the disc area
(estimate [SE] = 0.5 [0.5] um vs. macular scans, P =
0.36) were not.

Table 3 illustrates the within-study clinical dynamic
range of Cirrus-HD and PLEX Elite 9000. For the
peripapillary area, Cirrus-HD had a wider pRNFL
dynamic range than PLEX Elite 9000 at all quadrants,
but its measurement floor was lower than PLEX Elite
9000 only for temporal and nasal quadrants. On the
other hand, PLEX Elite 9000 had a wider mGCIPL
dynamic range and lower measurement floor than
Cirrus-HD at all macular sectors.
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Table 3. Clinical Dynamic Range of the Two OCT
Devices

Dynamic Range (5™ — 95™ Percentiles), um

Parameters Cirrus HD-OCT PLEX Elite 9000

Peripapillary RNFL

Average 45 (57-102) 41 (55-96)
Superior quadrant 80 (56-136) 70 (50-120)
Nasal quadrant 48 (38-86) 28 (48-76)
Inferior quadrant 92 (52-144) 79 (51-130)
Temporal quadrant 51 (35-86) 45 (40-85)
Macular GCIPL
Average 39 (55-94) 45 (51-96)
Superotemporal 46 (48-94) 52 (43-95)
Superior 44 (52-96) 50 (48-98)
Superonasal 43 (52-95) 49 (49-98)
Inferotemporal 52 (43-95) 57 (38-95)
Inferior 46 (47-93) 56 (40-96)
Inferonasal 45 (50-95) 51 (46-97)

Diagnostic abilities of peripapillary pRNFL and
macular mGCIPL obtained with the two OCT devices
are illustrated in Figures 4 and 5, respectively, and
detailed in Supplementary Table S4. Overall, the two
OCT devices had similar diagnostic ability to discrim-
inate between glaucoma patients and HCs, except for
the superior macular mGCIPL sector, where Cirrus
HD-OCT had higher discrimination than PLEX Elite
9000 (AUROC: 0.764 vs. 0.709, P = 0.001). Similarly,
the two devices had similar discrimination between
patients with glaucoma and those with suspected
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Figure 4. ROC curves of pRNFL to discriminate between glaucoma patients and either HCs (top row) or GSs (bottom row). Vertical dotted
lines indicate a value of one-specificity of 0.1.
glaucoma, except for temporal pRNFL quadrant, HD-OCT had lower discrimination than PLEX Elite
where Cirrus HD-OCT had higher discrimination than 9000 (AUROC: 0.718 vs. 0.778, P = 0.044). Similar
PLEX Elite 9000 (AUROC: 0.687 vs. 0.606, P =0.001), results were obtained for sensitivities at 90% specificity
and for the superior pPRNFL quadrant, where Cirrus (Table 4).
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Glaucoma vs HC
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Glaucoma vs GS

Parameters Cirrus HD-OCT PLEX Elite 9000 Cirrus HD-OCT PLEX Elite 9000

Peripapillary
Average 76.5% 74.1% 56.8% 53.1%
Superior quadrant 65.4% 74.1% 51.9% 39.5%
Nasal quadrant 22.2% 17.3% 4.9% 7.4%
Inferior quadrant 80.2% 80.2% 71.6% 66.7%
Temporal quadrant 27.2% 32.1% 25.9% 32.1%

Macula
Average 65.4% 58.0% 65.4% 69.1%
Superotemporal 543% 50.6% 56.8% 53.1%
Superior 49.4% 43.2% 56.8% 48.1%
Superonasal 54.3% 46.9% 58.0% 53.1%
Inferotemporal 69.1% 71.6% 74.1% 74.1%
Inferior 69.1% 64.2% 74.1% 75.3%
Inferonasal 60.5% 53.1% 65.4% 55.6%

Discussion

In this study, we compared the pRNFL and
mGCIPL thickness values as measured with an SD-
OCT and an SS-OCT device, tested the interdevice
agreement, and their diagnostic ability in a cohort
of patients with glaucoma, GSs, and HCs. We found
that thickness values as measured with the two devices
agreed well with each other, although their absolute
values were not directly interchangeable due to the
presence of proportional measurement bias. Both
devices had a similar ability to discriminate among
glaucoma patients, GSs, and HCs.

The pRNFL and mGCIPL thickness measurements
are established OCT parameters in the diagnosis of
glaucoma.' Cirrus HD-OCT is a widely used SD-OCT
device, demonstrating high precision and diagnostic
accuracy in many studies.>*7->> PLEX Elite 9000
was mainly developed as an SS-OCT-Angiography
platform, but B-scans can be processed to obtain
structural metrics, including pRNFL and mGCIPL
thicknesses. Hence, PLEX Elite 9000 angiocubes may
provide both structural and vascular information with
the same acquisition. Although the role of structural
parameters in the glaucoma management is estab-
lished, that of vascular parameters is a matter of
controversy, with contrasting results reported in the
literature.'®?>2° In a recent study conducted on the
same cohort of patients of this study,'® we compared
the ability of peripapillary and macular structural
parameters, vascular parameters, and their integra-
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tion to discriminate among patients with glaucoma,
suspected glaucoma, and HCs. We found that vascu-
lar OCT-angiography did not add additional benefit to
structural OCT for the diagnosis of early to moder-
ate glaucoma. Recent studies’’-?® seem to suggest that
OCT-angiography may be helpful for the longitudinal
monitoring of glaucoma patients, but further research
is required to fully elucidate the role of vascular param-
eters for glaucoma progression. The results of our
study, which show that both structural and vascular
data can be reliably estimated from the same angiocube,
provide useful foundational methodological work for
researchers working in the field of OCT-angiography in
glaucoma, as well as other ocular conditions, including
optic nerve disorders and retinal diseases (e.g., diabetic
retinopathy).

The use of SS-OCT in glaucoma has potential
advantages. It allows for more rapid image acquisi-
tion and potentially larger volumes, imaging macular
and optic nerve regions with a single scan. This differs
from most SD-OCTs, which require two separate
acquisitions centered on the ONH and the fovea to
obtain pRNFL and mGCIPL thickness measurements,
respectively. Previous studies conducted with a SS-
OCT device (different from the one used in this study)
have shown that SS-OCT wide-field maps perform
equally or better than smaller SD-OCT scans in
diagnosing glaucoma and detecting structural progres-
sion.!-2-31 Although the SS-OCT device in this study
is able to image wide areas (12 x 12 mm or 15 x 9 mm),
these larger scans were developed mainly to obtain
vascular OCT-angiography images, and the reliability
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and diagnostic ability of structural metrics derived
from such larger scans in glaucoma patients are still
uncertain. SS-OCT improves the resolution of deeper
ocular structures, such as the lamina cribrosa, which
has been theorized to be the primary site of axonal
damage in glaucoma.??> Nevertheless, SS-OCT technol-
ogy does not come without potential drawbacks. Its
axial resolution is lower than that of SD-OCTs (PLEX
Elite 9000 = 6.3 pm vs. Cirrus HD-OCT = 5 um),
potentially affecting the measurement of inner retinal
layers thickness.

Regardless of the device used, we found that average
and pRNFL thickness values at all quadrants were
significantly lower in glaucoma patients than in HCs.
Glaucoma patients had significantly lower pRNFL
thickness values than GSs for the average, superior,
and inferior quadrants. Glaucoma patients also had
significantly lower macular GCIPL thickness for all the
selected sectors than HCs and GS. Peripapillary RNFL
thickness values as measured by Cirrus HD-OCT and
PLEX Elite 9000 had a strong linear relationship in the
average, superior, and inferior quadrants. Conversely,
the strength of linear relationship for temporal and,
especially, nasal peripapillary RNFL quadrants were
considerably lower. This is not unexpected because
nasal and temporal quadrants are known to have
higher test-retest variability and reduced precision than
superior and inferior quadrants.®>33 Macular GCIPL
thickness values obtained with the two instruments had
an excellent degree of linear relationship for all the
study sectors. This is not surprising because macular
measurements are known to have high reproducibil-
ity.’*3% Our finding is in agreement with the existing
literature comparing Cirrus HD-OCT with SS-OCT.
Tan et al.!> compared pRNFL measurements obtained
with the same pair of devices used in this study in
a small cohort of patients and found strong correla-
tions between measurements obtained with SD-OCT
and SS-OCT, except for the nasal quadrant, where
the correlation was weak. The study, however, had
several limitations, preventing its generalizability. The
study relied on a small cohort, especially regarding
the number of glaucomatous eyes (12 eyes), with only
five eyes having moderate-to-severe glaucoma. The
authors did not provide complete information about
the relationship between the two instruments across the
entire clinically measurable dynamic range, especially
for thinner thickness values, which have higher variabil-
ity and are more prone to segmentation errors.*® In
our study, we found that the measurement difference
was not constant along the entire peripapillary RNFL
thickness spectrum, and the discrepancy between the
two instruments decreased as the RNFL thickness
decreased. The study by Tan and colleagues' provides
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no information about the relationship between the
two devices for macular GCIPL thickness, which is a
valid complement to peripapillary RNFL thickness in
glaucoma management. Other comparative studies’-'°
used different pairs of SD-OCT and SS-OCT devices,
and none of them used the PLEX Elite 9000 as an SS-
OCT. Although their results are in general agreement
with ours, they might not be directly generalizable and
comparable.

The two devices had variable limits of agreement
within their clinical dynamic range with a clear propor-
tional bias. For pRNFL, Cirrus HD-OCT provided
higher pRNFL thickness values than PLEX Elite
in the thicker end of the dynamic range, whereas
measurements tended to converge toward thinner
measurements. Macular GCIPL limits of agreement
were tighter, and the relationship between the two
devices was more complex. Cirrus HD-OCT gener-
ally measured higher and lower mGCIPL values than
PLEX ELITE 9000 in the thinner and thicker part of
the dynamic range, respectively. Tan et al.'> compared
pRNFL thickness as measured by the same pair
of devices and same acquisition scans used in our
study and found a proportional bias between SD-
OCT and SS-OCT, with the discrepancy between
the two instruments increasing as the peripapillary
RNFL thickness increased but, in contrast with our
results, SS-OCT provided higher measurement values
than SD-OCT. Several factors may explain such a
discrepancy. Tan and colleagues!® used the automatic
segmentation algorithm for Cirrus HD-OCT, whereas
a single grader performed a manual segmentation for
all the PLEX Elite 9000 images. Manual segmenta-
tion allows for greater overall accuracy but is more
prone to the introduction of operator-related system-
atic errors. In our study, the segmentation algorithm
was fully automatic for both devices. The authors
calculated the peripapillary RNFL thickness with SS-
OCT as the average of three circles at 3.44 mm,
346 mm, and 3.48 mm diameters from the optic
disc center, whereas peripapillary SD-OCT RNFL
thickness was extracted from the 3.46 mm diame-
ter circle. Conversely, we calculated the peripapillary
RNFL thickness at a circle at 3.46 mm ONH center
for both devices. As previously stated, the limited
number of glaucomatous eyes in the study by Tan and
colleagues'> may have limited the ability to charac-
terize relationship between the two devices over the
entire clinical dynamic range of the instruments. Other
studies have reported a proportional bias between SD-
OCT and SS-OCT.’"'! All these studies compared
devices from different manufacturers, with different
hardware, acquisition process, segmentation algorithm,
and post-processing algorithm. Hence, the comparison
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between our results and that of these studies may be
arduous.

The two devices had different dynamic ranges, with
PLEX Elite 9000 having greater mGCIPL and lower
pRNFL clinical dynamic range than Cirrus HD-OCT.
The measurement floor was similar between the two
devices for peripapillary average, superior, and inferior
quadrants, but not for nasal and temporal quadrants;
for all macular sectors, PLEX Elite 9000 had a lower
measurement floor than Cirrus HD-OCT. Dynamic
range and measurement floors are important metrics
to evaluate the ability of OCT devices to track glauco-
matous progression. At comparable levels of test-retest
variability, wider dynamic range and lower measure-
ment floor may allow a better monitoring of glauco-
matous structural progression. Because only a single
peripapillary and macular scan per eye was avail-
able, our study does not report whether the two
devices have similar test-retest variability and number
of measurable steps within their clinical dynamic range.
Hence, we were not able to answer the question of
whether both Cirrus HD-OCT and Plex Elite 9000
have similar ability to estimate glaucomatous structural
progression.

Although absolute RNFL and GCIPL thickness
values obtained with the two devices were not directly
interchangeable, we estimated conversion equations to
convert measurements from one device to the other.
After filtering out the measurement bias, the agreement
between the two instruments considerably improved.
However, the 95% limits of agreement between the
two instruments were considerably higher than those
reported by previous test-retest studies.’’” Conversion
equations may be helpful both in research setting and
clinical practice. In research studies, various centers
may have different OCT platforms, and measurements
may not be directly comparable. Glaucoma patients
should be ideally followed up using the same device
over time in clinical practice, but this may not always
be feasible. Because of the increasing number of
OCT instruments and the fast pace at which they
become available in clinical practice, it is not uncom-
mon that patients are followed up with various devices.
Glaucoma is a chronic disease whose progression may
take place over the course of many years, which often
exceeds the life of any instrument. Hence, converting
measurements from different manufacturers and gener-
ations of devices may improve the longitudinal evalua-
tion of structure over long periods of time.

Both Cirrus HD-OCT and PLEX Elite 9000
demonstrated a similar ability to discriminate
glaucoma patients from HCs and suspected glaucoma.
These results corroborate other studies’ findings comp-
aring different SD-OCT and SS-OCT devices.”-3%%
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The inferior peripapillary quadrant had the best
diagnostic accuracy with both devices, followed by
average and superior quadrant. This agrees with previ-
ous studies showing that these quadrants are highly
informative in the discrimination between glaucoma
and HCs.>?-1940-45 Among mGCIPL measurements,
the inferotemporal sector showed the highest diagnos-
tic ability, in agreement with previous studies.’>%*
Both OCT devices had a better ability to discriminate
glaucoma patients from HCs than from GSs.

One well-known problem of glaucoma diagnos-
tic studies is that their reported diagnostic accuracy
may not translate when used in clinical practice to
identify early glaucoma. Such studies are often based
on differentiating perfectly healthy eyes from those
with established glaucoma. It is usually relatively
easy for glaucoma specialists (and skilled comprehen-
sive ophthalmologists) to distinguish between perfectly
healthy individuals and glaucoma patients, especially in
the case of moderate-to-severe disease.** However, this
scenario is uncommon in a glaucoma clinic, because
glaucoma specialists are often asked to differentiate
patients with glaucoma from those with suspected
glaucoma. Our inclusion of a comparison between
glaucoma patients and GSs was an attempt to mimic
the fringe cases that are commonly encountered in
clinical practice. Because there is no perfect reference
standard in glaucoma diagnosis, the reader must be
aware that the distinction between early glaucoma
and GS can be challenging and somewhat arbitrary,
especially with cross-sectional data.

Other limitations of this study should be acknowl-
edged. One limitation of this study is related to
the inaccuracies of segmentation algorithms. Because
neither Cirrus HD-OCT and PLEX Elite 9000 post-
processing software allows manual correction of
segmentation boundaries, we attempted to address this
limitation by reviewing B-scan images and excluding
scans with segmentation errors. Despite being from the
same manufacturer, the two OCT devices may have
differences, especially with regards to their segmenta-
tion algorithms and image processing methods. The
peripapillary segmentation algorithm used by the SS-
OCT was adapted from the one used by the SD-
OCT device (TomTec segmentation algorithm). On the
other hand, the two instruments used two different
segmentation algorithms for macular scans. Acquisi-
tion scans were different between the two instruments.
Structural measurements were obtained from standard
structural OCT protocols for the Cirrus HD-OCT,
while they were extracted from 6 x 6 mm angiocubes
for and PLEX Elite 9000. Different scanning proto-
cols may theoretically have impacted on the SD
versus SS comparison. At the present time, however,
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Cirrus built-in software does not allow us to extract
structural data from angiocubes; on the other hand,
traditional structural scans have not been implemented
on PLEX Elite 9000, which has been mainly developed
as an OCT-angiography platform. Hence, our study
does not answer the questions of whether the differ-
ences between the two instruments are solely related to
the SD-OCT versus SS-OCT technology, especially for
the macular scans, where a difference in the segmen-
tation algorithm was also present. Peripapillary RNFL
and macular GCIPL measurements are prone to image
magnification in eyes with very long or short axial
length.*” However, we did not perform any magni-
fication correction because the axial length was not
among the collected variables. In this study, we partially
addressed this issue by excluding eyes with high degree
of myopic or hyperopic refraction. A previous study
has shown that in eyes in which the axial length did not
deviate considerably from average values, axial length
correction does not provide any significant benefit.*?
This limitation is likely to affect SD-OCT and SS-OCT
equally and therefore does not affect our comparisons.
Our results may not be generalizable to patients of
ethnicities other than European descent, which was the
only ethnicity included in this study. The definition of
glaucoma in this study required the presence of clini-
cally detectable structural glaucomatous damage. Both
SD-OCT and SS-OCT provide structural measure-
ments, and their true diagnostic ability could be overes-
timated. However, this limitation is likely to affect both
devices equally, and therefore our comparison remains
valid. Also, the diagnosis of glaucoma was mainly
based on the subjective evaluation of the optic nerve by
experienced glaucoma clinicians, and previous studies
have shown considerable variability in the ONH inter-
pretation.*” Diagnostic categories in this study were
assigned based on the worst eye, and fellow eyes of
patients with primary open-angle glaucoma with no
clear evidence of glaucomatous damage were consid-
ered as affected by early glaucoma, under the clini-
cal assumption that some disease, at least subclinical,
was present. Primary open-angle glaucoma is a bilat-
eral though often asymmetrical condition.”® Once a
diagnosis of primary open-angle glaucoma has been
established, we believe that the patient, rather than
the eye, should be considered affected by glaucoma
and treated accordingly. Previous studies have shown
that patients with “unilateral” primary open-angle
glaucoma demonstrate RNFL thickness reduction in
the apparently unaffected eye.’'->> Also, patients with
visual field damage believed to be unilateral may show
bilateral damage when tested with nonconventional
perimetric strategies.”>>* Fellow eyes with no clini-
cal evidence of structural or functional damage were
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only 11 (13.5%), and results remained unchanged
even after their exclusion (data not shown). Age and
signal strength were different among our diagnostic
categories, and these variables are known to impact
structural thickness values.”>® We used established
statistical techniques to control for the confounder
effect of such covariates.'”>” In this study, we run a
considerable number of statistical tests, and this may
increase the rate of type I error. Because of the study’s
exploratory nature, we chose not to adjust P values for
multiple comparisons.*®

In conclusion, SD-OCT and SS-OCT have similar
abilities to discriminate glaucoma patients from GSs
and healthy subjects. Although thickness measure-
ments obtained with the two instruments follow a
strong linear relationship, they are not directly inter-
changeable because of the presence of proportional
bias, influenced by pRNFL and mGCIPL thick-
ness values. After removing the proportional bias,
a mean difference between the two instruments was
no longer present, suggesting measures obtained
with either instrument are potentially interconvertible.
OCT-angiography scans can be reliably used to obtain
both structural and vascular metrics in glaucoma
patients. Further studies are required to validate our
conversion formula in a separate cohort of patients and
test the impact of using both devices in the manage-
ment of glaucoma patients.
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