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Concordance of Objectively Detected Retinal
Nerve Fiber Bundle Defects in En Face OCT
Images with Conventional Structural and
Functional Changes in Glaucoma

Riccardo Cheloni, PhD, Jonathan Denniss, PhD

Purpose: To assess how objectively detected defects in retinal nerve fiber bundle (RNFB) reflectance on en
face OCT images relate to circumpapillary retinal nerve fiber layer thickness (cpRNFLT) and visual field defects.

Design: Cross-sectional study.
Participants: Sixteen participants with early glaucoma and 29 age-matched healthy controls, of whom 22

had usable en face images for the establishment of normative levels of RNFB reflectance.
Methods: All the participants underwent cpRNFLT scans, visual field examination, and wide-field OCT.

En face reflectivity was assessed objectively using the Summary of Multiple Anatomically Adjusted Slabs
method. En face defects were deemed concordant with cpRNFLT when they had at least 1 cpRNFLT point
with P < 0.01, within � 15� of the predicted insertion on the optic disc. Visual fields were examined using
custom suprathreshold perimetry and SITA Standard 24-2. For each visual field location, the corresponding
reflectance was deemed abnormal if any en face superpixel within � 1� was abnormal. The overall, positive,
and negative agreements were measured in each participant.

Main Outcome Measures: Proportion of concordant defects between en face reflectance analysis and
cpRNFLT (%) as well as overall, positive, and negative agreements between en face reflectance analysis and
visual field results.

Results: Most en face abnormalities had concordant cpRNFLT defects in the mapped sector (median pro-
portion concordant, 0.85; interquartile range, 0.74e0.95). In eyes with glaucoma, a median of 8.1% (range,
2.4%e23.7%) and 14.9% (range, 3.5%e29.1%) locations showed corresponding en face and visual field defects
using 24-2 and custom perimetry, respectively. Both the perimetric strategies had moderate-to-good raw
agreement with en face analysis (0.66e0.68), with stronger agreement on normal findings than on defects
(0.77e0.78 and 0.4e0.44).

Conclusions: Objectively extracted reflectance defects showed strong concordance with conventional
cpRNFLT damage and good agreement with perimetry, which could be enhanced by further minimization
of image artifacts. Ophthalmology Glaucoma 2022;-:1e15 ª 2022 by the American Academy of
Ophthalmology. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).

Supplemental material available at www.ophthalmologyglaucoma.org.
OCT is becoming increasingly valuable in the assessment of
glaucoma.1,2 Although OCT has brought significant support
to clinicians in the diagnostic process,3 detection of early
cases through cross sectional examination continues to be
challenging.4e7 As such, there remains a strong rationale
for developing methods for improved diagnosis of
glaucoma.

En face OCT imaging is a relatively new approach to
examine structural damage in eyes with glaucoma.8e11 The
technique enables the assessment of retinal nerve fiber
bundle (RNFB) reflectance and is performed using dense
volumetric scans of the retinal area of interest. The intensity
.org/
of each A-scan over a certain range of depths is then aver-
aged into a 2-dimensional image,8,9,12,13 resulting in a
transverse retinal section, or slab, derived from varying
retinal thicknesses.9,12 Defects on en face OCT images
appear as hyporeflective regions, likely because of a
combination of primary loss of RNFB reflectance and
thinning of the retinal nerve fiber layer (RNFL).8,9 En face
imaging holds promise in glaucoma assessment because
evidence from animal models has suggested that loss of
RNFL reflectivity may precede measurable thickness
changes, suggesting a potential use in early detection of
glaucoma.14e16 Additionally, slab images generated with
1https://doi.org/10.1016/j.ogla.2022.07.001
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this modality enable a direct topographic relationship be-
tween structural changes and visual field measures.17,18 This
facilitates the assessment of structureefunction relationships
independently from maps that relate the visual field to the
optic nerve head (ONH), removing 1 source of error.19

Studies of en face OCT have suggested that changes in
RNFB reflectance have a strong relationship with conven-
tional circumpapillary retinal nerve fiber layer (cpRNFL)
thickness (cpRNFLT) analyses.8,11 Good correspondence
with visual field loss has also been reported.12,18,20,21

However, reflectance changes in most studies have been
evaluated subjectively by clinicians, as has the relationship
between en face abnormalities and other tests such as
cpRNFL and visual field analyses. Indeed, the novelty of
en face OCT analysis of eyes with glaucoma means there
is currently a lack of widely accepted objective methods
for defining defects.22

We recently introduced Summary of Multiple Anatomi-
cally-adjusted Slabs (SMAS), a novel method for automated
and objective extraction of RNFB reflectance defects in en
face images.23 To further validate SMAS, this study aimed
to assess how extracted en face findings relate to more
conventional measures of glaucoma: structural changes in
cpRNFLT and visual field loss in eyes with early-to-
moderate glaucoma.

Methods

The study was performed in accordance with the tenets of the
Declaration of Helsinki and received ethical approval from the
National Health Service Research Ethics Service. All participants
provided written informed consent to participate.

Participants

This cross sectional study included participants with glaucoma
with early-to-moderate vision loss, defined as a standard automated
perimetry (SAP) mean deviation (MD) of better than �8 dB, and
age-matched healthy controls. The participants underwent eye
examinations, including refraction, slit-lamp examination, Gold-
mann applanation tonometry, and SAP (24-2 SITA Standard,
Humphrey Field Analyzer III; Carl Zeiss Meditec Inc). Spectral-
domain OCT imaging was performed using Spectralis (Heidel-
berg Engineering) and included an analysis of the ONH and
macula, enabling automated localization of the fovea and the center
of the ONH. Circumpapillary retinal nerve fiber layer thickness
data along a 3.5-mm-diameter circular scan were also extracted.
The participants also underwent dense OCT imaging of the central
retina, allowing us to extract en face images, and a custom peri-
metry test, the details of which are provided below.

For inclusion, participants with glaucoma required a consultant
ophthalmologist-performed diagnosis of open-angle glaucoma and
evidence of structural damage, defined as at least 1 abnormal sector
(P < 0.01) in the Spectralis cpRNFL analysis. No criteria based on
visual field defects were required for inclusion in the glaucoma
group; this enabled the inclusion of participants with a structural
defect and no measurable visual field defect detected using SAP
24-2. Participants with any other eye conditions except glaucoma
were excluded. Age-matched healthy controls were included if they
had no disease affecting their visual system and had a normal vi-
sual field, as defined by a normal MD (P > 0.05); Glaucoma
Hemifield Test within normal limits; and the absence of 3
contiguous non-edge points with P < 0.05 on the Pattern Deviation
2

plot. Additional inclusion criteria for all participants were a
refractive error magnitude of < 6.00 diopter sphere or 3.00 diopter
cylinder and clear ocular media24 or a history of uncomplicated
cataract surgery. Only 1 eye per participant was included. In
cases in which both eyes were eligible, the tested eye was
selected at random in the healthy controls, whereas the one with
the milder defect (less negative MD) was included in the group
of participants with glaucoma.

En Face Defects of RNFB Reflectivity

The details of OCT imaging and en face slab extraction have
been presented previously.11,22,23 Compared with our previous
work, data from 3 additional healthy eyes were available for
inclusion to establish normative data.23 We collected multiple
dense OCT scans over the central � 25� of the retina, and
reflectivity data were extracted as single pixel slabs (3.87
mm) containing depth-resolved attenuation coefficients.25

Single slabs were montaged and combined according to the
SMAS method, as described in detail elsewhere.23 For each
participant, SMAS constructed seven 16-mm-thick en face
slabs, overall encompassing retinal depths of 8 to 116 mm
below the inner limiting membrane. Reflectivity is evaluated
on a superpixel grid by comparing individual findings with
normative data from age-matched controls. Superpixels with
P < 0.01 of normative reflectivity were considered as defects
when they occurred in any slab (i.e., at any depth). To assess
reflectivity only at locations with expected RNFBs in healthy
retinae, regions with normative reflectivity of � 2.5 standard
deviation (SD) below the mean intensity of visible bundles
were censored from analysis at each depth. To account for
individual differences in anatomy, all slab images were
adjusted for the participant’s foveaedisc and foveaeraphe
angles using geometric transformations (double-shear trans-
formation, Fig 1). Further, superpixel dimensions were
individually adjusted to have a fixed number of superpixels
(20) separating the fovea and the center of the ONH in all
tested eyes (Fig 1). This method results in more defects
being detected in more superficial slabs and the number of
new defects that were not detected in more superficial slabs
decreasing with increasing slab depth (Table S1, available at
www.ophthalmologyglaucoma.org).

Deviation maps generated using SMAS were first back trans-
formed to the original retinal configuration of each individual eye.
Subsequently, the deviation maps were converted from superpixels
to degrees using the estimated ONH location in degrees as
extracted from the Spectralis software (see Fig 1 for an example).
Superpixels had a median diameter of 0.7� (range, 0.67�e0.85�).

Circumpapillary RNFL Defects

To identify cpRNFLT abnormalities, we compared the measure-
ments of each eye with glaucoma with age-adjusted normative data
from healthy controls. Circumpapillary retinal nerve fiber layer
thickness measurements, automatically segmented by the device
software, were extracted from Spectralis after verification of seg-
mentation by 1 of the authors (R.C.). Data from all participants were
first adjusted for the individual foveaedisc angle, automatically
measured using Spectralis, setting 0� at the foveaedisc axis. The
thickness measurements at different angular locations in the controls
were consistent with normal distributions, as evaluated by visuali-
zation of histograms and ShapiroeWilk tests (all P > 0.05). When
normative cpRNFLT data were determined, age was the only co-
variate for which data were adjusted, as per current clinical prac-
tice.26 Because our sample size for linear regression was limited,27

pointwise estimates of age-related changes in cpRNFLT (mm/yr)
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Figure 1. Example of double-shear transformation applied within Summary of Multiple Anatomically-adjusted Slabs and conversion from superpixels to
degrees for 1 eye with glaucoma. A, An original en face image (8e23 mm below the inner limiting membrane); the blue dashed lines represent foveaeraphe
and foveaedisc angles. B, An image transformed according to Summary of Multiple Anatomically-adjusted Slabsdraphe, fovea and optic nerve head are
aligned on a common horizontal axis. C, Summary of Multiple Anatomically-adjusted Slabs deviation map. D, The map converted from superpixels to
degrees and transformed back to the original retinal configuration (1 superpixel ¼ 0.68�). deg ¼ degree; ONH ¼ optic nerve head; WNL ¼ within normal
limits.
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were extracted from a population-based study that evaluated a large
cohort of healthy eyes using the same OCT device and scan pattern
adopted here.28 The difference between individual participants’ age
and the average age of our controls was first computed and used to
identify correcting factors at each of 768 cpRNFLT points. These
values were then used to correct normative cpRNFLT in our
controls at all angular locations. The lower limit of normality of
cpRNFLT in our controls was set at P < 0.01. This was
computed by subtracting 2.33 SDs from the mean thickness of the
healthy controls at each of the 768 points after age adjustment.

Finally, to facilitate the analysis of correspondence with en face
defects and support the required mapping arrangements (see
below), individual deviation maps were rotated by their foveaedisc
angle. This allowed us to set 0� temporally, consistent with the
structureefunction map used to project en face defects at the ONH.

Visual Field Examination

Within 30 days of OCT imaging, the participants underwent SAP
(24-2, SITA Standard) and a dense suprathreshold custom peri-
metry test, implemented via the Open Perimetry Interface29 on the
Octopus 900 perimeter (Haag-Streit AG). The details of custom
perimetry are reported in Table S1 (available at
www.ophthalmologyglaucoma.org). In brief, this perimetric
strategy considered 643 locations over the 24-2 grid limits (Fig
1A), with 1� density in the central 10� and 2� density in the
midperiphery. Goldmann size III (diameter, 0.43�) stimuli were
used, with the intensity selected according to age-adjusted and
location-specific normative sensitivities.30 To increase the
specificity of defect detection in spite of a potentially reduced
sensitivity,31,32 stimuli of 2 SDs plus 2 dB below the age-
adjusted normative sensitivity were presented at each location.

For both the perimetric procedures, only reliable tests were
included, assessed via a subjective observation of fixation stability
using an internal fixation monitor33 and reliability indices (false
positives, false negatives, and fixation losses) of < 20% in the
SAP test.

Custom perimetry provides a dichotomous classification of any
visual field location as normal or defective. Accordingly, the SAP
results were also dichotomized. For consistency with en face
analysis and custom perimetry, the total deviation values were
evaluated. The cutoff used to define visual field defects in custom
3
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Figure 2. Example of the mapping model used in this study to relate en face reflectance defects to angular locations around the optic disc in a participant
with glaucoma. The left plot shows the Summary of Multiple Anatomically-adjusted Slabs deviation map overlaid on an en face image of the corresponding
eye. In the right plot, en face defects are color coded according to the angular location of insertion around the optic nerve head, in 30� sectors. Deg¼ degree;
WNL ¼ within normal limits.
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perimetry (2 SDs and 2 dB below the mean) approximately cor-
responds to P < 0.023. Accordingly, SAP locations were deemed
abnormal when the total deviation had P < 0.02.

StructureeStructure and StructureeFunction
Maps

To map reflectance defects on the en face images to corresponding
angular locations around the ONH, we used a computational model
for structureefunction that can produce mapping specific for indi-
vidual anatomy of the eye tested.34e38 The model is customized to
individual participants’ ONH location and discefoveaeraphe angle,
measured on the en face images. The model allowed us to map any
location in the retina to specific angles on the ONH.34 Individualized
maps were extracted specific to each participant’s en face deviation
map, identifying the corresponding angles of insertion on the
cpRNFL profile for each abnormal superpixel (Fig 2).

To explore the relationship between en face reflectivity and
visual function, visual field locations were corrected for retinal
ganglion cell (RGC) displacement according to the model proposed
by Drasdo et al.39 No correction was applied to en face OCT data.

Analysis

En faceOCT images are subject to artifacts arising frommany sources,
including low-qualityB-scans,floaters, andglial cell alterations.40The
impact of artifacts on slab images was examined by 2 investigators
(R.C. and J.D.), and in case of substantial impact, either whole
images or specific regions were excluded from further analysis.
Each case was jointly discussed by the authors until a consensus on
data exclusion was reached. To facilitate comparison and reporting,
all en face deviation maps and visual field data were transformed
into right eye retina view format. En face defects within a 2� radius
of the center of the ONH were excluded from the analysis because
these are likely to fall within the ONH or on its margins.

To explore the relationship between reflectance defects and
cpRNFLT loss (structureestructure), we considered recommenda-
tions of a recently proposed framework to assess concordance between
changes in the retina and at the optic disc.38Accordingly,wenoted that
healthy locations in the central retina could project to abnormal
cpRNFL sectors. Axons from peripheral damaged retina might also
4

enter the ONH at similar angular locations (i.e., peripheral damage
and intact central retina), ultimately leading to cpRNFL defects.
Hence, analyses should focus on damaged retinal locations, which
should also constitute the starting point in the examination of this
relationship. We considered structureestructure to be concordant
when the 30� sector centered on the predicted angle of insertion on the
ONH of any en face defect presented at least 1 abnormal cpRNFLT
point (P < 0.01). The 30� sector (� 15� on the predicted angle) was
selected according to estimates of mapping variability, as defined by
measurement errors of parameters seeding custom structureefunction
mapping.35,37 For each participant, an overall measure of topographic
concordance was computed as the concordance ratio, which was the
proportion of concordant defects among all en face defects.
Bootstrapped 95% confidence intervals (CIs) were also computed
(n ¼ 1000 resampling).

Second, we explored the level of agreement between en face
defects in reflectance and corresponding visual function in peri-
metry (structureefunction). Consistent with the structureestructure
analysis, sources of variability within structureefunction mapping
were considered by allowing a � 1� tolerance level in the evalu-
ation of concordance. This tolerance level was chosen to account
for the effects of fixation instability and differences between the
fovea and the preferred retinal locus for fixation41,42 as well as
errors in RGC displacement models.19,39,43 As such,
structureefunction agreement was established between any visual
field location and en face superpixels lying within 1� (Fig 3). Only
en face superpixels with the nearest displaced visual field location
within 1� were considered and used to generate a dichotomous
prediction of visual field status. Similarly, visual field locations
with no en face superpixels within the tolerance distance were
ignored. Function was predicted to be abnormal if at least 1
superpixel was found to be abnormal within the relevant cluster
of each visual field location for both SAP and custom perimetry.

Unlike the evaluation of the structureestructure relationship,
the analysis of concordance between en face findings and corre-
sponding function considered both defects and healthy regions. As
a general measure of concordance, we used overall raw agreement
(equation 1) and tetrachoric correlation,44,45 which were computed
individually for each eye. The tetrachoric correlation was
computed using the Correlation package in R46 and provides r
coefficients between 2 dichotomous variables. Unlike K statistics,



Figure 3. Example of tolerance level considered in the analysis of structureefunction agreement between en face reflectance and visual function in standard
automated perimetry. The left image shows displaced visual field grids in Goldmann size III stimuli on an en face image and deviation map. The right image
shows the same 24-2 locations, including the � 1� tolerance level around visual field locations (yellow circles). Visual field locations with no en face
superpixels within � 1� were excluded from analysis. Deg ¼ degree; VF ¼ visual field; WNL ¼ within normal limits.

Table 1. Demographics and Clinical Characteristics of Included
Participants*

Controls (n [ 29)

Glaucoma
(n [ 16)

cpRNFL Norms
(n ¼ 29)

En Face Norms
(n ¼ 22)

Age, yrs 69 (8.0) 67.5 (4.0) 70 (8.3)
Eye
Right 15 14 4
Left 14 8 12

Ethnicity
White British 28 21 16
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tetrachoric correlation is not affected by the marginal proportions
of rating levels47 and has the advantage of providing a familiar
effect size.

To provide insights into differential agreement from positive
and negative ratings, positive and negative conditional agreements
were also computed. Positive agreement represents the conditional
probability that a test shows a defect when the location is defective
on another test. Similarly, negative agreement measures the prob-
ability of a concordant measure of normality. The 2 measures of
agreement are adjusted for chance and uneven distributions of
ratings (i.e., prevalence) across different individuals.48 Equations 2
and 3 were used:48,49

Overall raw agreement ¼ ½a þ d� = N (1)

Positive agreement ¼ 2a = ½2a þ b þ c� (2)

Negative agreement ¼ 2d = ½2d þ b þ c� (3)

where “a” represents the number of defects detected in both the
domains, “b” represents the number of en face defects matched by
normal findings in perimetry, “c” represents the number of normal
en face findings matched by perimetric defects, “d” represents the
number of normal findings in both the domains, and “N” represents
the total number of locations considered in a given participant.

For each participant, the estimates of overall, positive, and
negative agreements were computed alongside their bootstrapped
95% CI. Fisher’s exact test was used to test the independence of the
2 test modalities.47 The overall measures of correlation were
provided as median and range, with the median computed after
transformation of correlation coefficients to Z values and then
back to correlation coefficients.
Other 1 1 0
Global cpRNFLT, mm 97 (14) 97.5 (11.5) 68 (14)
SAP MD, dB 0.5 (1.4) 0.8 (1.4) �3.3 (2.2)
Axial length, mm 23.5 (0.7) 23.3 (0.6) 24.05 (0.95)

cpRNFL ¼ circumpapillary retinal nerve fiber layer; cpRNFLT ¼ circum-
papillary retinal nerve fiber layer thickness; dB ¼ decibels; MD ¼ mean
deviation; SAP ¼ standard automated perimetry.
*Continuous data are summarized as median (interquartile range).
Results

Overall, 29 controls were included, of whom 22 had usable en face
images for the establishment of normative levels of RNFB reflec-
tance. Among 21 participants with early-to-moderate glaucoma
imaged using en face OCT, 5 participants (median age, 69 years;
range, 67e78; median MD, �4.8 dB; range, �6.1 to �1.6 dB)
were excluded because of substantial artifacts affecting the final
images. A part of the images of 3 additional participants with
glaucoma was censored for similar reasons. Overall, findings from
16 participants with glaucoma were included in the analysis; their
demographics are reported in Table 1. All the participants with
glaucoma, except 1, presented with a visual field defect,
determined based on the criteria used for the inclusion of healthy
controls. The remaining eye had 3 contiguous defective points,
but 1 was an edge location. In the structureefunction concor-
dance analysis, visual field defects were considered when the total
deviation had P < 0.02. Compared with the alternative of using
pattern deviation with P < 0.02, in our sample, the visual fields
dichotomized in this way had strong agreement (median, 0.942;
interquartile range [IQR], 0.923e1) and correlation (median r,
5
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0.969; IQR, 0.959e0.989) and had a median of only 3 locations
with a different status between the methods.

StructureeStructure Concordance

Among the participants with glaucoma, out of 2492 superpixels
tested on average (w 12.9%), a median of 322 abnormal super-
pixels (IQR, 181e463) were identified in each eye. The objectively
extracted reflectance defects showed strong concordance with
conventional cpRNFL thinning (median concordance ratio, 0.85;
IQR, 0.74e0.95). On average, 85% of en face defects in this
sample had a cpRNFL location with thickness with P < 0.01
within � 15� of the predicted insertion on the ONH.

Figure 4 shows the details of concordance for each individual
eye. The smallest concordance ratio was 0.48 (95% CI,
0.36e0.6; participant 1; Fig 4), whereas the eye showing the
highest concordance ratio between en face reflectance analysis
and cpRNFLT was participant 13 (0.99; 95% CI, 0.99e1.0), in
which nearly all en face reflectance defects matched with thinned
cpRNFL.

The distributions of en face angular projections on the ONH are
shown in Figure 5, and en face defects most frequently mapped to
the superior temporal (40�e50�) and inferior temporal (300�)
aspects of the ONH. Concordant en face defects were found
slightly further away from the ONH compared with
nonconcordant defects (median, 15.2�; IQR, 14.5e17 vs. median,
13.4�; IQR, 10.2e15.8; paired t test, P ¼ 0.006).

StructureeFunction Concordance (Custom
Perimetry and SAP)

The analysis of SAP results was limited to 15 eyes with glaucoma
because 1 of the participants (participant 16) had abnormal loca-
tions only in the nasal step area, where no en face predictions were
made (see Fig 3 for example). The tolerance level selected in the
structureefunction agreement analysis led to a median of 5.8
(IQR, 5.5e6.1) superpixels being considered in each cluster used
to make a prediction of visual function from en face data. The 2
visual field modalities were superseded by grids with different
spatial densities, resulting in a different number of visual field
locations analyzed. In SAP, a median of 39 locations per partici-
pant (IQR, 37.5e40.5) were considered, with the value rising to
543.5 (IQR, 531.4e555.6) for custom perimetry.

The findings from the agreement analysis are reported in
Table 2. All the participants with glaucoma showed at least 1
location where perimetry (both SAP and custom perimetry) and
en face analysis were concordant on the presence of a defect. In
SAP, there was a median of 3 concordant damaged locations
(range, 1e9), whereas in custom perimetry, there were, on
average, 82 concordant defects (median, 82; range, 20e159).

As shown in Table 2, there was moderate-to-good overall
agreement between the SAP results and corresponding estimates of
visual function detected using the en face analysis (median, 0.66;
IQR, 0.57e0.77). Stronger agreement was found on concurrently
healthy locations (negative agreement) than on concurrently
abnormal areas (positive agreement) across test modalities. In fact,
on average, 40% of damaged locations detected using a given test
had a corresponding defect detected using the other test modality
(median positive agreement, 0.40; IQR, 0.24e0.47), whereas the
likelihood of both the tests corresponding on healthy locations was
77% (median negative agreement, 0.77; IQR, 0.66e0.86). Overall,
6

the en face analysis and SAP showed a moderate and variable
correlation (median r, 0.34; range, �0.29 to 0.81).

Slightly stronger agreement was observed between custom
perimetry and the en face predictions of visual function. On
average, 68% of locations had a corresponding prediction of defect
or normality (median overall agreement, 0.68; IQR, 0.60e0.76).
Consistent with the SAP analysis, the agreement on defects was
poorer than that on healthy locations (median positive agreement,
0.44; IQR, 0.27e0.58; median negative agreement, 0.78; IQR,
0.69e0.84). The correlation between custom perimetry findings
and reflectance status across the participants was, on average,
stronger compared with that between the SAP analysis and
reflectance status (median r, 0.51; range, � 0.02 to 0.95).

The structureefunction concordance between the SAP and en
face analyses for each individual eye is shown in Figure 6. In total,
575 locations were assessed for SAP, and 192 showed
disagreement, with abnormal en face analysis being more
common than abnormal SAP (n ¼ 116 [60.4%] vs. n ¼ 78
[40.6%]). The findings of custom perimetry are provided in
Figure S1 (available at www.ophthalmologyglaucoma.org). For
custom perimetry, in all eyes with glaucoma, 2671 locations out
of the 8462 assessed in total showed disagreement. Consistent
with SAP, abnormal en face analysis was more frequent (n ¼
1563 [58.5%]) than abnormal custom perimetry (n ¼ 1108
[41.5%]) in locations with disagreement.
Discussion

Evaluation of glaucomatous damage using en face OCT
imaging is a clinically appealing and rapidly expanding
area. We recently introduced a method to objectively and
automatically extract reflectance defects from OCT en face
images, which addressed some of the limitations of currently
available methods.23 For further validation, in this study, we
explored how identified defects relate to conventional
measures of glaucoma damage, such as structural changes
in cpRNFLT and loss of visual function, as measured
using 2 different visual field strategies. Because glaucoma
frequently develops in focal patterns,50,51 we strived to
evaluate the structureestructure and structureefunction re-
lationships using a topographic and pointwise approach.
This was achieved by considering concordance between
individual locations of each domain, and the method used
adds to the few frameworks available for pointwise com-
parisons across domains.38,52e55 Such an approach may
enable the consideration of the typical pattern of onset of
glaucoma defects while minimizing conflation of healthy
and damaged locations, reported to be among factors that
can obscure structureefunction relationships.56,57

StructureeStructure

Reflectance abnormalities showed a high level of concor-
dance with conventional cpRNFLT loss, with 85% of en
face defects having corresponding cpRNFL thinning at the
mapped angular location of insertion on the ONH. The
concordance ratios among the participants with glaucoma
were generally high, with 1 outlier standing out from the
sample (Participant 1; concordance ratio, 0.48). The SMAS
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deviation maps of this participant and the first 4 slabs
feeding SMAS are shown in Figure 7.

The objective analysis of reflectance helped identify a
narrow, superior arcuate defect and a number of abnormal
superpixels in the inferior nasal quadrant (23 out of the total
67 abnormal superpixels). Yet, abnormalities found in the
inferior retina were likely due to artifacts, and this quadrant
overall appeared spared by glaucomatous damage in the
subjective evaluation of the en face images. The integrity of
the inferior nasal retina was also suggested by the cpRNFLT
analysis (Fig 4, top left panel), where only superior temporal
thinning was observed. It is possible that this scattered noise
in the inferior hemisphere and a nonsubstantial loss of
reflectance in the superior hemisphere according to the
SMAS objective analysis explain the low concordance
ratio found in this participant. For the same participant, a
concordance ratio of 0.73 was computed by excluding
Table 2. Findings from Agreement Analysis for Stand

Participant

SAP (Defect If Total Deviation with P < 0.02)

Overall Positive Negative P Val

1 0.69 (0.58e0.82) 0.36 (0.11e0.62) 0.79 (0.70e0.91) 0.02
2 0.55 (0.40e0.71) 0.24 (0.01e0.48) 0.68 (0.55e0.83) 0.72
3 0.58 (0.42e0.74) 0.53 (0.33e0.76) 0.62 (0.46e0.82) 0.15
4 0.51 (0.35e0.68) 0.25 (0.01e0.50) 0.64 (0.50e0.81) 0.71
5 0.42 (0.27e0.58) 0.10 (0.01e0.19) 0.58 (0.42e0.77) 0.58
6 0.85 (0.76e0.98) 0.67 (0.45e1.00) 0.91 (0.84e1.00) 0.00
7 0.63 (0.47e0.79) 0.12 (0.01e0.25) 0.77 (0.65e0.91) 1
8 0.79 (0.68e0.92) 0.43 (0.14e0.86) 0.87 (0.79e0.98) 0.04
9 0.82 (0.71e0.95) 0.46 (0.15e0.92) 0.89 (0.82e0.98) 0.06
10 0.76 (0.63e0.90) 0.17 (0.01e0.33) 0.86 (0.78e0.96) 1
11 0.55 (0.32e0.73) 0.38 (0.05e0.75) 0.64 (0.46e0.89) 1
12 0.77 (0.64e0.90) 0.40 (0.13e0.80) 0.86 (0.77e0.95) 0.02
13 0.63 (0.49e0.78) 0.48 (0.28e0.73) 0.72 (0.60e0.88) 0.30
14 0.71 (0.57e0.86) 0.40 (0.13e0.69) 0.81 (0.72e0.94) 0.21
15 0.62 (0.48e0.80) 0.48 (0.28e0.74) 0.71 (0.57e0.87) 0.3
16 e e e e

SAP ¼ standard automated perimetry.
*Values of overall, positive, and negative agreements are reported with their
independence of the 2 test modalities in the overall agreement analysis are also
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abnormal locations in the inferior nasal region, and future
improvements in image capture and processing could
contribute to reducing the impact on this and similar issues.

The findings of the structureestructure analysis are
consistent with the available literature, showing OCT mea-
sures of reflectance loss to be strongly related to thinning of
the RNFL.8,58e60 Ashimatey et al8 objectively evaluated
reflectance defects on wide-field en face images and
related them to cpRNFLT. In that study, the ratios of en face
reflectance defects in the superior and inferior retinal
hemispheres were strongly related with the depth of
cpRNFLT defects at corresponding ONH sectors.8 The
observed strong concordance is also consistent with the
generally high topographic correlation between structural
measurements of glaucoma loss at the ONH (cpRNFL)
and macula.61e64 Overall, these findings suggest that in
patients with established glaucoma, loss of reflectance may
be well represented using the cpRNFLT analysis. This un-
derlines the need to further evaluate the value of RNFL
reflectance analyses at the earliest stage of the disease and/or
in combination with perimetry. Similarly, the value of en
face reflectance analysis deserves further evaluation in more
advanced cases to explore any added value in overcoming
cpRNFLT floor effects.65

StructureeFunction

Overall, there was moderate-to-good agreement between the
en face measures and visual field status, more strongly
driven by agreement on healthy locations rather than by
agreement on defects. The participants with glaucoma
showed, on average, 3 and 82 concordant defects using SAP
and custom perimetry, respectively. Similar measures were
not computed in the controls because the inclusion criteria
required normal visual field by definition, and no abnormal
superpixels were detected in healthy eyes. Although
ard Automated Perimetry and Custom Perimetry*

Custom Perimetry

ue Overall Positive Negative P Value

1 0.76 (0.72e0.79) 0.22 (0.15e0.30) 0.85 (0.83e0.88) < 0.0001
0.61 (0.56e0.65) 0.42 (0.36e0.48) 0.70 (0.66e0.74) 0.004
0.64 (0.60e0.68) 0.62 (0.57e0.67) 0.66 (0.62e0.71) < 0.0001
0.57 (0.53e0.61) 0.40 (0.33e0.46) 0.66 (0.62e0.70) 0.15
0.44 (0.40e0.48) 0.20 (0.14e0.26) 0.57 (0.53e0.62) 0.89

1 0.83 (0.80e0.87) 0.72 (0.66e0.78) 0.88 (0.86e0.90) < 0.0001
0.58 (0.54e0.63) 0.21 (0.14e0.28) 0.72 (0.68e0.76) 1

8 0.85 (0.82e0.88) 0.73 (0.68e0.79) 0.89 (0.87e0.92) < 0.0001
3 0.92 (0.89e0.94) 0.82 (0.78e0.88) 0.94 (0.93e0.96) < 0.0001

0.74 (0.70e0.77) 0.39 (0.31e0.47) 0.83 (0.80e0.86) < 0.0001
0.68 (0.63e0.73) 0.29 (0.19e0.40) 0.79 (0.75e0.83) 0.009

4 0.76 (0.73e0.80) 0.57 (0.50e0.64) 0.84 (0.81e0.87) < 0.0001
0.51 (0.47e0.55) 0.53 (0.48e0.58) 0.49 (0.43e0.54) 0.49
0.69 (0.65e0.73) 0.54 (0.48e0.60) 0.77 (0.74e0.81) < 0.0001
0.63 (0.59e0.67) 0.47 (0.41e0.53) 0.72 (0.68e0.76) < 0.0001
0.72 (0.68e0.76) 0.23 (0.15e0.32) 0.83 (0.80e0.86) 0.074

bootstrapped 95% confidence intervals. P values for Fisher exact tests for
reported.
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concordance was imperfect, all eyes with glaucoma showed
some levels of structureefunction agreement on the pres-
ence of abnormalities, and the ability of similar concordance
thresholds for glaucoma detection deserves further
investigation.

The sources of disagreement between the en face and SAP
findings were qualitatively explored post hoc (Table S2,
available at www.ophthalmologyglaucoma.org). In up to
53% (9/17) of hemispheres with imperfect agreement, en
face defects did not match with SAP defects. Yet, in 5 of
these cases, artifacts contributed at least in part to abnormal
reflectivity, leading to imperfect agreement. The remaining
4 hemispheres could instead suggest that reflectance loss
preceded visual field changes; however, further validation
in cohorts of larger sample sizes is required. Standard
automated perimetry defects and normal reflectivity were
observed in 23.5% (4/17) of cases with poor agreement.
However, in 3 out of the 4 cases, reflectance loss could be
9
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Figure 6. (continued).
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observed subjectively on the en face images, and further
refinement of the SMAS analysis could result in stronger
concordance. In a few hemispheres (23.5%), both the
domains showed defects, and imperfect spatial overlap
seems to explain this disagreement.

Besides genuinely different time scales at which en face
reflectance and visual field could be affected in patients with
glaucoma, several reasons might contribute to disagreement
between the 2 domains. As discussed above, RGC displace-
ment and eyemovements may be a potential confounder in this
relationship, and we aimed to control for their impact by
10
allowing a 1� tolerance around visual field locations. In addi-
tion, visual field stimuli could be presented at the border of a
scotoma, or the location tested could still have preserved RGCs
but not visible or measurable RNFBs with the imaging device
used. Anomalously high or low hills of vision for specific
participants should also be considered. Apart from potential
sources of disagreement, it should also be noted that every
structural defect may not necessarily correspond to a visual
field defect and vice versa. In fact, the RNFL represents only 1
part of the whole visual pathway, which may fail to capture
other consequences of glaucoma.66,67 Similarly, there may be
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compensatory mechanisms leading to minimally impacted
visual function in the presence of structural glaucoma
damage.68,69

Consistentwithour results, studies exploring the relationship
between reflectance loss and visual function have generally
shown good agreement.12,17,18,20,21,70 Earlier work by
Alluwimi et al17,20 examined the central retina of 10 eyes with
glaucoma using en face imaging and the corresponding
function using a customized visual field. Consistent with our
analysis, the authors found good concordance between the 2
domains, stronger for normal findings (74%e90% agreement)
than for damaged locations (31%e48% agreement).17 In
more recent work,18 the same group used kinetic perimetry to
explore visual function along reflectance defects connected to
the ONH. They showed spatial correspondence between en
face and functional defects, which, consistent with en face
abnormalities, were always connected to the ONH.18 Even
stronger agreement was observed by Iikawa et al21 in a study
that superimposed SAP 10-2 results on macular en face
images. Here, the presence or absence of RNFBs underneath
visual field locations correctly predicted w 85% of locations
to be either defective or normal. Lastly, Sakamoto et al12

focused on eyes with advanced glaucoma and evaluated the
concordance between preserved RNFBs on en face macula
images and SAP 10-2. The authors concluded that preserved
bundles and function had a high level of agreement; however,
little detail was provided on specific instruction and/or criteria
adopted by the clinicians to establish preserved reflectance
and agreement itself.

The common features of previous studies were focus on
the macular region and the use of subjective methods for the
assessment of reflectivity and concordance. Subjective
analyses of reflectance are likely to be less prone to image
artifacts and yet have limitations in terms of practicality,
technique standardization, and selection bias due to pre-
conceived expectations of RNFB defects. Additionally,
when correspondence with the visual field is evaluated
subjectively, a variable level of tolerance in spatial agree-
ment could be present in different locations and different
eyes, hampering consistency compared with the more
objective approach of the present study.

This study has some limitations. The conversion of the en
face images from superpixels to degrees relied on different
scans (Spectralis Glaucoma Module vs. wide-field montage)
and different methods for the identification of the distance
between the fovea and the ONH (automated by the Spectralis
software vs. subjective en face analysis). Inaccuracies in
detection of anatomic structures and changes in eye position,
rotation, and scaling across the scans could have led to
imprecise mapping of structural data to visual field results.
However, we expect this source of error to be small and
controlled for by the tolerance levels used in the
structureestructure and structureefunction analyses. Addi-
tionally, our assessment of structureestructure and
structureefunction concordance required us to set pre-
determined cutoffs to establish defects in all domains. The
observed levels of concordance in this study likely depend to
a certain extent on the thresholds set and the choice of
whether or not to adjust for overall changes in reflectance and
visual field sensitivity before looking for local defects.
Further analyses could be conducted to refine defect defini-
tions for optimal agreement, as proposed elsewhere.53

Our inclusion criteria for the participants with glaucoma,
based solely on structural defects, could have allowed the
11
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inclusion of healthy eyes in the group of participants with
glaucoma.71 However, all our participants with glaucoma,
except 1, presented with a visual field defect. This, combined
with the requirement of a glaucoma diagnosis by a consultant
ophthalmologist, means that it is unlikely that our sample
was significantly influenced by false-positive glaucoma cases.

Our analysis of cpRNFLT included age correction, as
planned from the outset. However, given the narrow age
range in our sample, the greatest cpRNFLT correction was
3.1 mm. This value was below the OCT digital axial reso-
lution and, therefore, unlikely to have affected the results.
As such, age correction may not be necessary for future
studies with a similar age range of participants.

Lastly, as also discussed previously,23 the artifacts of en
face imaging had considerable impact on the objective
analysis of reflectance using SMAS. Future improvements
in en face image capture and processing should focus on
several areas, including the following: (1) better strategies
to correct for uneven intensities of different scans and (2)
enhanced ability to detect reflectance defects, especially in
the superior and inferior arcuate regions of wide-field im-
ages and in the nasal step area. Among many strategies, the
consideration of the distance between vascular arcades and
the fovea would represent a variable for evaluation while
adjusting for individual anatomy because this could also
affect the configuration of RNFBs across the retina.72

Reduction in the variability of reflectance data in healthy
eyes, achieved by addressing en face artifacts, would also
likely result in improved capability to detect defects.
Further study in this area would be beneficial to address
the many remaining gaps. Studies on larger groups of
12
healthy eyes would enable us to better determine
normative limits, reducing the risk of misclassification of
defects. Larger studies would also allow us to explore the
impact of different covariates on reflectance values, such
as age, axial length, and ethnicity.58,73,74

In summary, this study further validated the SMAS
analysis of en face images by establishing correspondence
between reflectance abnormalities and conventional
measures of glaucoma damage. A framework for objectively
assessing pointwise relationships between
structureestructure and structureefunction was introduced.
The majority of retinal locations with abnormal reflectance
presented a matched cpRNFLT defect at the estimated
insertion on the ONH. The agreement between the en face
analysis and visual field data was moderate to good, and
further minimization of artifacts in en face imaging could
lead to stronger concordance. All the participants showed a
number of locations with abnormal reflectivity and function,
and the diagnostic capability of similar criteria to detect
early stages of glaucoma deserves dedicated assessment.
Stronger agreement was found between regions with normal
reflectivity and preserved visual function, and this property
could be exploited to drive custom perimetry strategies in
eyes with advanced glaucoma, aiming to monitor disease
progression in areas that can provide more reliable func-
tional data. Further evaluation in representative samples
with relevant stages of glaucoma is warranted.
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