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PURPOSE. This study investigates the association between local retina structure and visual
function in a cohort with long-term hydroxychloroquine (HCQ) use.

METHODS. The study included 84 participants (54 participants without toxicity and 30
participants with toxicity) with history of chronic HCQ use (14.5 ± 7.4 years) who
had testing with spectral-domain optical coherence tomography (SD-OCT) imaging and
Humphrey 10-2 visual fields. Optical coherence tomography (OCT) metrics (total and
outer retina thickness [TRT and ORT], minimum intensity [MinI], and ellipsoid zone [EZ]
loss) were sampled in regions corresponding to visual field test locations. Univariate
linear correlations were investigated and a multivariate random forest regression using
a combination of OCT metrics was used to predict visual field sensitivity by locus using
a leave-one-out cross-validation strategy.

RESULTS. In univariate linear regression, EZ loss demonstrated the strongest relation-
ship with visual field sensitivities in the parafoveal ring with R2 = 0.58. TRT and ORT
revealed positive correlations with visual field sensitivity (R2 = 0.57 and 0.40, respec-
tively), whereas total and outer retinal MinI yielded negative correlations (R2 = 0.10 and
0.22). The multivariate model improved correlations (R2 = 0.66) yielding a root mean
squared error of 3.8 decibel (dB). Feature importance analysis identified EZ loss as the
most relevant predictor of function.

CONCLUSIONS. Multiple OCT-derived quantitative metrics used in combination can provide
information to predict local sensitivities. The results indicate a strong relationship
between retinal function and OCT measures, which contribute to the understanding of
the retinal toxicity caused by HCQ as well as being applicable to outcome development
for other degenerative diseases of the outer retina.

Keywords: hydroxychloroquine, machine learning, visual field, optical coherence tomog-
raphy, retina

Hydroxychloroquine (HCQ) is prescribed to treat and
prevent malaria and is used chronically as a first-

line drug to treat lupus, arthritis, and other autoimmune
conditions. Among long-term users, possible side effects
include visual dysfunction resulting from retinal damage.1

The American Academy of Ophthalmology (AAO) issues
recommendations for screening patients using HCQ which
include at its core, annual screening tests including subjec-
tive functional evaluations with perimetry and objective eval-
uations of structure using spectral domain optical coher-
ence tomography (SD-OCT).1 Although the goal of screen-
ing is to identify any evidence of visual dysfunction,
obtaining objective structural evidence to corroborate visual
field findings before diagnosing toxicity is recommended
as spurious changes in the visual field can be triggered
by nonpathological causes or nonretinal causes.1 Clini-
cal evaluations with congruent findings on two modali-
ties increase the probability of identifying true instances of
pathology.

Clinical evaluation of optical coherence tomography
(OCT) images have relied on qualitative inspections of OCT
features, with attention to EZ attenuation and loss.2,3 Some
reports have commented on OCT changes that precede
visual field changes,4 whereas others have reported on
groups that demonstrate changes in visual field prior to
appreciation of structural changes.5 Further investigations
have demonstrated that quantitative analysis of OCT can
reveal changes correlated with toxicity.6–8

A model to assess point-to-point correlations between
perimetry derived sensitivities and structural metrics
obtained from SD-OCT would be desirable to validate
changes on each modality that may be overlooked in
isolation but may be corroborative when evaluated in
tandem. Strong structure-function relationships thus estab-
lished could also be helpful in some settings where func-
tional tests are infeasible.

In this study, we utilize data from a study of patients on
long-term HCQ use to study correlations between humphrey
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visual field (HVF) 10-2 and SD-OCT testing performed at the
same visit. The study subjects consist of a cohort of partic-
ipants with no evidence of HCQ toxicity and a cohort with
a range of HCQ toxicity severities. Point-to-point correla-
tions are investigated both individually with each OCT-based
measure and in combination after building a machine learn-
ing model that predicts the functional sensitivity in an area
of retina using several structural metrics including: ellipsoid
zone loss (EZ loss), retina thickness (RT), minimum intensity
(MinI), and mean intensity (MeanI). Exploration of structure-
function correlation facilitates the identification of structural
features that are indicative of functional deficiencies.

METHODS

Participants

Data were collected as part of the institutional review
board approved prospective study at the National Eye
Institute, Bethesda, MD (www.clinicaltrials.gov identifier
NCT01145196). The study adhered to the tenets of the
Declaration of Helsinki and the Health Insurance Portabil-
ity and Accountability Act and signed informed consent was
obtained from all participants. All participants were long
term (>5 years) HCQ users and did not have any history
of other concomitant retinal disease. A subset of the patient
cohort has been the subject of previous analyses.6,8

Study Procedures

Each participant underwent an ocular examination, includ-
ing automated 10-2 Humphrey perimetry, and SD-OCT imag-
ing. Testing was performed in both eyes of each participant.
Perimetric assessment was performed using a standard 10-
2 Humphrey Visual Field Analyzer (Humphrey Instruments,
Inc., San Leandro, CA, USA) with a white test spot. The visual
field mean deviation (VFMD) values and pattern standard
deviation (PSD) were obtained from the visual field output.
The raw 10-2 visual field sensitivity data were extracted at
each of the 68 loci for each of the sampled eyes. Multifo-
cal electroretinography (mfERG) testing was also performed
on all participants according to the International Society for
Clinical Electrophysiology of Vision guidelines,9 based on
the 61-hexagon stimulus pattern of the VERIS Clinic system
(Electro-Diagnostic Imaging, Inc., Redwood, CA, USA). The
average response densities (nanovolts per degrees squared)
within concentric rings from the center (ring 1) to the
periphery (ring 5) were generated by the mfERG VERIS soft-
ware. The ring ratios of the mfERG were defined as ratios of
the central hexagon amplitude (R1) to each of the periph-
eral ring amplitudes (R2–R5). These ratios were calculated
for all tested eyes.

The SD-OCT images were acquired using the Heidelberg
Spectralis HRA-OCT system (Spectralis; Heidelberg Engi-
neering, Heidelberg, Germany). Macular cube scans were
comprised of 121 horizontal B-scans with 60 μm spacing and
spanned 30 degrees horizontally and 25 degrees vertically.

Toxicity Determination

The determination of toxicity was based on the AAO’s 2016
recommendations and included the primary recommended
screening tests of automated visual field testing and SD
OCT.1 Our dataset also included mfERG testing, an objective
test of retina function, to corroborate visual field testing. The

presence of at least three contiguous abnormal points on
the pattern deviation map (P < 2%) or a full ring scotoma
was used as criteria for determining abnormalities in the
visual field.10 The presence of either of the following two
conditions: (1) increased R1-to-R2 ratio (defined as exceed-
ing the 99% confidence limits for the normal population), or
(2) reduced R1 absolute amplitude (defined as less than the
99% confidence limits for the normal population) on mfERG
testing was used as evidence of toxicity.8,11 These criteria are
summarized in Supplementary Table S1.

For some analyses and illustrations, severity groupings
based upon the extent of photoreceptor loss observed in
the foveal B scan were utilized.6 Mild severity (group 1) is
typified by little or no appreciable EZ loss on the foveal B
scan (<=100 μm), group 2 having mild-moderate EZ loss
(100 μm < EZ loss <=1000 μm), group 3 having severe
loss preserving the foveal island (>500 μm) but with EZ loss
>1000 μm, and group 4 with severe loss and foveal involve-
ment (Supplementary Fig. S1).

Data Operations

Measurements related to EZ loss, RT, MinI, and MeanI were
derived from SD-OCT images. Areas of EZ loss were iden-
tified using an automatic deep-learning based algorithm
with manual verification of contours reviewed by a retina
specialist (authorC.C.). The algorithm had been compared
to manual ground truth contouring of EZ loss and demon-
strated excellent (0.98) correlation with those areas.12,13 The
algorithm first operated on individual B-scans and then
produced an enface binary map depicting EZ loss regions.

To compute thickness and intensity-based measure-
ments, SD-OCT volume was automatically segmented using
OCT-Explorer (version 3.8; University of Iowa, Iowa City,
IA, USA).14–16 Three segmentation contours were derived
and manually verified: (1) inner limiting membrane (ILM),
(2) outer plexiform layer (OPL; outer boundary of the
inner nuclear layer [INL]), and (3) retinal pigment epithe-
lium (RPE) (outer boundary). These contours were manu-
ally inspected for accuracy and adjusted (n = 7 eyes) when
necessary by a trained expert and verified by a retina special-
ist (author C.C.). Thickness measurements were directly
computed using the segmented contours for total retina
thickness (TRT) as the distance from the inner limiting
membrane to the retinal pigment epithelium and outer reti-
nal thickness (ORT) as the distance from the OPL to the RPE.

Prior to computing intensity-based measurements, image
intensities were normalized by performing two image
preprocessing steps. First, an edge-preserved smoothing
operation was applied using a bilateral filter to decrease
noise17 and mitigate the effect of speckle-like local inten-
sity fluctuations in OCT. Second, the image intensities were
multiplied by a scaling factor such that the average intensity
within the inner retina was constant across the images. This
normalization step accounted for intensity level differences
across B-scans due to signal differences between acquisi-
tions. After the normalization step, the mean pixel intensity
of the inner retina is approximately the same across all eyes.
The mean and minimummeasurements were then calculated
along each A-scan within the coordinates of the segmented
contours. The intensity metrics computed were MeanI and
MinI, assessed across the outer retina (OR MeanI, OR MinI)
and total retina (TR MeanI, TR MinI).

A digital scaffold was created to match the test locations
in the 10-2 HVF and consisted of a grid of 68 circular spots
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FIGURE 1. Ring designations applied to each of the HVF loci. Concentric regions are identified with ring numbers, starting with ring 1 at
the central points through ring 5 at the outside extremities of the VF.

with a 288 μm diameter spaced 576 μm (2 degrees) apart.
The scaffold was automatically registered to the fovea on
the OCT en face scans (Fig. 1) and OCT measures (thickness
measures, intensity measures, and EZ loss) in the scaffold
locations were calculated. Contours from OCT layer segmen-
tation were used to calculate thickness measures in the test
locations. Intensity values were obtained by averaging the
intensity in the test location area using a test spot diame-
ter that was increased to 576 μm (2 degrees) to provide a
more robust metric for minimum intensity. EZ loss in the test
location was represented as a fraction of the test area with
values ranging from 0 (no EZ loss within the test locus) to
1 (EZ loss over the entire test locus).

Correlation Analysis – Univariate Model

For each OCT metric (EZ Loss, TRT, ORT, TR MeanI, OR
MeanI, TR MinI, and OR MinI), univariate relationships with
visual field sensitivity at the corresponding locus were calcu-
lated using the python NumPy version 1.18.5 linear regres-
sion implementation.18 To control for effects related to the
position of the test spot relative to the fovea, some anal-
yses made use of a ring analysis as shown in Figure 1B.
Ring 1 (dark red) comprised the 4 central test points, and
ring 2 (red) included the parafoveal points. When perform-
ing correlations across all test spots, normalization was
performed by computing the Z-score at each locus to allow
better comparison of loci at different locations within the
eye19 according to Z − score = x−μuna f f ected

σuna f f ected
, where x is the

value of a sample at a locus, μ and σ are the mean and
standard deviation, respectively, for the unaffected samples
at the corresponding locus. After grouping test points in
each ring, univariate linear analysis was performed to assess
correlation with OCT metrics.

Correlation Analysis – Multivariate Model

A random forest (RF) machine learning model was used to
predict visual field sensitivity using a combination of OCT

derived metrics. The RF model was selected due to its ability
to find nonlinear relationships in a multidimensional space
without requiring large data sets (compared to deep-learning
approaches). It also enables the evaluation of contribut-
ing factors via feature importance analysis.20 The model
was implemented after including nine features as input: EZ
Loss, TRT, ORT, TR MeanI, OR MeanI, TR MinI, OR MinI,
x-coordinate, and y-coordinate relative to the fovea. Due
to the small number of input features (n = 9), an explicit
feature reduction method was not implemented. These
metrics were chosen due to established correlations with
visual function. The model was trained to predict the visual
field sensitivity at the corresponding locus with mean-
squared-error loss criterion. Multiple models were trained
in a leave-one-patient-out (LOPO) cross-validation approach
where both eyes of the patients were left out when train-
ing a single model. Training was performed with bootstrap-
ping where randomly selected data points were used to
construct decisions trees to reduce overfitting. Five hundred
random estimators20 and 10,474 maximum samples during
bootstrapping were selected empirically as parameters of
the model during training. For each eye, predictions were
made locus by locus, and were then compared to the ground
truth visual field values. Root mean square error (RMSE) and
mean absolute error (MAE) were calculated across all predic-
tions for all eyes. Feature importance of the models were
analyzed to understand the contribution of different metrics
in predicting visual field sensitivity.

RESULTS

Eighty-four participants with a history of HCQ usage lasting
more than 5 years (mean = 14.5 ± 7.4 years) had HVF 10-
2 testing, mfERG testing, and SD-OCT images available in
each eye for analysis. Using objective criteria applied to the
automated visual field testing, OCT and mfERG (see Supple-
mentary Table S1), 54 individuals were found to have no
evidence of toxicity, and 30 had evidence of toxicity. Four
patients with toxicity had one eye that met the criteria for
toxicity and fellow eyes that demonstrated abnormal mfERG
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TABLE 1. Description of the Patient Cohorts Included in the Analysis

Group
Number of
Patients

Age ± Standard
Deviation % Female

Avg HCQ Duration (Years) ±
Standard Deviation % > 5 mg/kg

Unaffected 54 56.5 ± 11.6 92.6 14.5 ± 7.4 62.96
1 7 60.7 ± 15 85.7 16.7 ± 8.7 66.67
2 4 54 ± 14.6 100 12.2 ± 3.4 50
3 12 64.7 ± 8.6* 91.7 12 ± 5.2 80
4 7 69.6 ± 4.7* 100 16.7 ± 7.1 66.67

Asterisks denote statistically significant differences from the unaffected population. No statistically significant differences were observed
among groups 1 to 4 for any metric. Patients are grouped in the more severe group between their two eyes.

FIGURE 2. (A) Mean deviation (MD) and pattern standard deviation (PSD) by affected status and toxicity severity group. Error bars indicate
one standard deviation. (B) Mean foveal sensitivity (MFA) and visual acuity (VA) by affected status and toxicity severity group.

ring ratios but without the greater than three contiguous
abnormal points on the pattern deviation plot (P < 2%).
These eyes were classified as having toxicity (mild). One
eye from an affected patient was excluded due to misaligned
OCT B-scans.

The 59 eyes with toxicity had a range of severities: 16
eyes from 10 participants had mild changes and were group
1, 8 eyes from 5 participants were classified as group 2, 24
eyes from 15 participants were classified as group 3, and 11
eyes from 7 participants had severe changes and were clas-
sified as group 4. The demographics of the groups are listed
in Table 1 with patients having eyes with different sever-
ity scores described by the more severe grade. There were
statistically significant differences in age between the unaf-
fected group and group 3 as well as the unaffected group
and group 4. Beyond that, no two groups exhibited signifi-
cant differences in age, duration of HCQ dosage, or the aver-
age dosage to body weight ratio (not shown in the table).

Figure 2 demonstrates that in eyes with evidence of
toxicity, the negative HVF MD worsens monotonically with
increasing toxicity severity. The PSD increases with increas-
ing severity group until group 3 beyond which PSD does not
increase significantly. Visual acuity and mean foveal sensitiv-
ity of group 4 eyes was significantly worse than unaffected
eyes and more mildly affected eyes. Because these group 4
eyes have poor acuity and fixation, they were excluded from
local point-to-point structure function analyses as the visual
field tests rely on foveal fixation to infer the location of the
test points.

One hundred fifty-six eyes (108 eyes without toxicity
and 48 eyes with evidence of toxicity) underwent structure-
function pointwise analyses. Modified z scores for all points
in affected eyes (n = 48) were calculated using the unaf-

fected eyes as the reference. Data were aggregated across
severity groups and then averaged at each point within
each affected severity group. The averaged visual field maps
in Figure 3 demonstrate a reduction of visual field sensitiv-
ities in a parafoveal configuration in group 1 eyes which
becomes denser and more extensive with increasing group
severity. The total retina thickness reflects similar changes
with more significant decreases highlighted in the outer
retina in groups 1 and 2. The minimum intensity also has
deviation from the reference population in the parafoveal
area that increases with increased severity but has a smaller
range of abnormal Z scores than the other measures.

Univariate Analysis

Univariate relationships between functional sensitivities and
each OCT metric were explored with grouped analyses
consisting of points equidistant (with small exception at the
corners) from the fovea within each ring (Fig. 4, Supple-
mentary Fig. S2). The strongest relationship with visual field
sensitivity among all OCT metrics investigated was found
with EZ loss in ring 2, the parafoveal ring, R2 = 0.58 with
an MAE of 3.42 dB (standard deviation = 4.1 dB). The MinI
within each scan region displayed the least correlation with
function; TR and OR MinI yielded R2 = 0.10 and 0.22 in
ring 2, respectively, and MAE = 5.2 dB (standard deviation
= 5.7 dB) and 5.0 (standard deviation = 5.3 dB), respectively
(see Supplementary Fig. S2). Total retinal thickness was posi-
tively associated with sensitivity throughout all rings. In
rings 2, 3, and 4, R2 ≥ 0.43 with TRT MAE ≤ 3.77 dB. ORT
and sensitivity in rings 2, 3, and 4 presented weaker correla-
tions than TRT and sensitivity (see Supplementary Fig. S2).
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FIGURE 3. The modified z-scores for functional testing and structural assessments at each test point averaged over the participants in each
affected severity group. The data are presented in VF view and as right eye data.

However, the ORT correlation within the fovea (R2 = 0.39)
exceeded that of TRT (R2 = 0.18).

Multivariate Analysis

Multivariate random forest models were constructed using
multiple OCT metrics. For each patient, the random forest
(RF) model was trained to predict the visual field sensitiv-
ity by locus using a leave-one-out cross validation approach,
dropping both eyes from the patient in question. By compar-
ing the performance of the predicted sensitivities to the
measured visual sensitivities, our study calculated multiple
measures of error assessments, as shown in Table 2. The
MAE for an individual locus prediction across all eyes was
2.5 dB with a standard deviation of 2.87 dB for the absolute
errors. The RMSE of the RF model was 3.84 dB for each locus
prediction across all eyes (R2 = 0.66). Comparing the aver-
age of the sensitivity values calculated from the RF model
output across all loci in an individual eye to the measured
mean visual field sensitivity, the MAE of the mean sensitivity
was found to be 1.69 dB.

Figure 5 illustrates examples of the model’s performance
for three eyes: an unaffected eye, an eye with moderate
toxicity, and an eye with severe toxicity and demonstrates
the similarity of sensitivity patterns in the prediction maps
compared to the actual measured visual fields.

The RF model can also be interrogated to identify the
features (i.e. metrics) contributing the greatest to the model’s
prediction. Feature importance metrics for each of the nine
features provided are found in Figure 6 and demonstrate
that the most important feature in the model was EZ loss
with importance of 0.53. TRT and ORT were the second and
third most important, both with importance values of 0.11.
These results conform with the high R2 values each of these

displayed in the univariate linear correlations relative to the
other metrics. To identify features important in eyes with
little to no EZ loss, a separate RF model was trained on data
limited to unaffected and mildly affected samples. With this
model, the EZ loss feature displayed decreased importance,
whereas ORT was found to be the most important feature
in this subset. These metrics provide an understanding of
which OCT measures were most weighted in the model’s
predictions.

DISCUSSION

In these point-to-point structure-function analyses in
patients treated with HCQ, we identify multiple OCT-derived
quantitative metrics that exhibit correlation with visual field
sensitivity. Previous analyses of HCQ toxicity using the
Early Treatment Diabetic Retinopathy Study (ETDRS) grid
have identified OCT-derived metrics such as EZ loss, thick-
ness measures such as TRT and ORT, and intensity-based
measures such as MinI as being relevant and correlated to
visual field mean deviations measured across the retina6,21

or to the visual field sensitivity in the ETDRS subfield.21 Our
analyses build upon these results to resolve what aspects of
structural change are driving retinal function in each tested
location. Across univariate ring-grouped analysis correla-
tions (see Fig. 4, Supplementary Fig. S2) as well as multi-
variate analyses using RF model, our study validates EZ loss
and retina thickness (ORT and TRT) as features that hold
the most relevance in predicting visual function from retina
structure measured in OCT.

Although univariate analysis across the entire spectrum
of disease analyzed demonstrates the best correlation with
EZ loss, limiting the analysis to eyes with mild toxici-
ties demonstrate a different priority of correlations. When
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FIGURE 4. Correlations between EZ Loss (left), TRT (middle), and total retinal minimum intensity (right) with VF sensitivity across the
different rings. Each locus in each eye is represented.

TABLE 2. Summary of Metrics Reporting RF Model Performance

Type of Error Mean SD 95% CI

Absolute error, locus 2.5 dB 2.87 dB 2.49–2.60 dB
Real error, locus −0.03 dB 3.84 dB (RMSE) −7.56 to –7.5 dB

Mean error is the average signed error for all predictions of VF
sensitivity at a locus. 95% confidence interval for error represents
the 95% confidence interval for a single measurement, where the
95% confidence interval for mean error represents the same for the
mean error in repeated trials.

limiting the RF model to eyes that do not include severe
disease, ORT dominates as the most important feature in
predicting function revealing the importance of ORT in the

early subtle changes associated with early toxicity functional
changes.

We observed improved predictability of visual function
when the OCT based structural metrics were used in combi-
nation as part of the RF model. In general, intensity measure-
ments (minimum intensity and mean intensity) had poor
univariate linear correlations with visual field sensitivity but
still effectively contributed to the RF model. Identification
of additional independent OCT-based features and measures
may have the ability to improve these predictions further.

Objective evaluation of these structural OCT features, in
addition to providing the basis for RF-based prediction of
visual field sensitivity, confirms their importance in revealing
pathologic structural changes. Clinicians have used EZ loss
as a marker of significant photoreceptor loss and evidence
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FIGURE 5. Comparison of measured VF sensitivities (left) and RF-predicted sensitivities (right) derived only from OCT metrics. Individual
eyes from unaffected (A, B), group 2 toxicity (C, D), and group 3 toxicity (E, F) are shown.

of severe toxicity and this model reassuringly confirms the
importance of these OCT features in the RF predictive model.
The model allows us to further understand the impact of
these features in not only identifying changes of toxicity,
but also allowing quantification of its contribution to retinal
sensitivity. In a cohort of eyes without significant EZ loss, the
model identifies a different OCT measure, ORT, as being the
key structural measure that is the most predictive of retinal

sensitivity, and solidifies its structural importance, especially
in the mildly affected eyes.

Investigations into retina structure and visual function
have been previously made in the fields of glaucoma
and age-related macular degeneration (AMD). Histopatho-
logic studies by Quigley et al. have reported variable
amounts of retinal ganglion cell loss associated with visual
field loss.22 Studies generating functional predictions in
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FIGURE 6. Average importance of each feature aggregated from the RF models trained for each patient. When trained on the entire dataset
(A), the EZ loss feature showed greatest importance. EZ loss became least important in the models trained only with unaffected/mildly
affected datasets (B).

glaucoma have probed the relationship between OCT based
measures and perimetry derived sensitivities with results
ranging from MAE of 2.5 dB to 9.5 dB.23–26 Correlations
between OCT structure and visual field sensitivities had been
done in retinitis pigmentosa (RP) finding that outer retina
measures were correlated with field sensitivity.27 In neovas-
cular age-related macular degeneration (nAMD), OCT-based
retina structure has been used to develop models predict-
ing microperimetry sensitivities.19 In this study, we expand
the interrogation of structure and function using nine OCT
measures in the setting of an outer retinal degeneration
stemming from HCQ toxicity. Our algorithm’s ability to
predict visual field sensitivity using nine OCT metrics is
evidenced by a performance with a RMSE of 3.8 dB and
MAE of 2.5 dB.

The different accuracies reported in these various models
predicting functional sensitivity could depend on a multi-
tude of factors such as the underlying disease, the frac-
tion of the population showing disease-induced sensitivity
changes, and/or the quality of the predictors. Additionally,
the choice of functional test, and the limit of having a single
functional test performed could limit predictability. Utiliza-
tion of functional tests with higher spatial resolutions, such
as those performed by Fink et al.,28 the potential use of
a 3D-computer threshold Amsler grid test,29,30 or repeated
measures of visual function, could potentially lead to more
accurate modeling and could be interesting to include in
future work.

In addition to confirming the relevant structural metrics
that are clinically important, the model’s approach is help-
ful to understand the functional consequences to retinal
changes. Corroborating functional and structural findings
underly the AAO recommendations for annual screening for
HCQ toxicity to include visual fields and, if not reliable,
mfERG testing, obtained together with structural assess-
ments using SD-OCT.

Limitations of this study include the clinical study popu-
lation, who may have been better performers on the visual

field than patients screened outside the setting of clinical
studies. A further limitation is the exposure of the control
group to long-term HCQ. Although this group did not show
any evidence of abnormality on any test modality, they may
have differences from populations not taking HCQ. The
small population of patients constrained the machine learn-
ing approaches to an LOPO approach. Future studies will
ideally focus on obtaining a large sample size, which would
allow for the implementation of more aggressive validation
methods.

The results of these structure-function analyses and meth-
ods used here will be relevant to analyses in a variety of
retinopathies. Other conditions causing outer retinal degen-
erations can also be investigated using similar methods,
including retinitis pigmentosa. The application of this model
to other diseases leading to outer retinal degenerations
could identify similarities and differences in the structure-
function relationships across disease etiologies. This in turn
can lead to information regarding disease pathogenesis
and outcome measures. As this technology develops, it has
potential to both add to the current tools used for HCQ toxi-
city detection and yield insights to structure-function rela-
tionships in the retina.
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