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Purpose: No established biomarkers currently exist for therapeutic efficacy and durability of antieVEGF
therapy in neovascular age-related macular degeneration (nAMD). This study evaluated radiomic-based quanti-
tative OCT biomarkers that may be predictive of anti-VEGF treatment response and durability.

Design: Assessment of baseline biomarkers using machine learning (ML) classifiers to predict tolerance to
anti-VEGF therapy.

Participants: Eighty-one participants with treatment-naïve nAMD from the OSPREY study, including 15
super responders (patients who achieved and maintained retinal fluid resolution) and 66 nonesuper responders
(patients who did not achieve or maintain retinal fluid resolution).

Methods: A total of 962 texture-based radiomic features were extracted from fluid, subretinal hyperreflective
material (SHRM), and different retinal tissue compartments of OCT scans. The top 8 features, chosen by the
minimum redundancy maximum relevance feature selection method, were evaluated using 4 ML classifiers in a
cross-validated approach to distinguish between the 2 patient groups. Longitudinal assessment of changes in
different texture-based radiomic descriptors (delta-texture features) between baseline and month 3 also was
performed to evaluate their association with treatment response. Additionally, 8 baseline clinical parameters and a
combination of baseline OCT, delta-texture features, and the clinical parameters were evaluated in a cross-
validated approach in terms of association with therapeutic response.

Main Outcome Measures: The cross-validated area under the receiver operating characteristic curve (AUC),
accuracy, sensitivity, and specificity were calculated to validate the classifier performance.

Results: The cross-validated AUC by the quadratic discriminant analysis classifier was 0.75 � 0.09 using
texture-based baseline OCT features. The delta-texture features within different OCT compartments between
baseline and month 3 yielded an AUC of 0.78 � 0.08. The baseline clinical parameters suberetinal pigment
epithelium volume and intraretinal fluid volume yielded an AUC of 0.62 � 0.07. When all the baseline, delta, and
clinical features were combined, a statistically significant improvement in the classifier performance (AUC, 0.81 �
0.07) was obtained.

Conclusions: Radiomic-based quantitative assessment of OCT images was shown to distinguish between
super responders and nonesuper responders to anti-VEGF therapy in nAMD. The baseline fluid and SHRM delta-
texture features were found to be most discriminating across groups. Ophthalmology
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In patients with neovascular age-related macular degeneration
(nAMD), invasive growth of new blood vessels into the
suberetinal pigment epithelium (RPE) space, subretinal space,
and outer retina is observed.1This neovascularization can result
in leakageoffluid into the retinal tissue and surrounding spaces,
scarring, and vision loss.1 Intravitreal injections of antieVEGF
agents have been associated with improvements in vision and
reduction in retinalfluid.2,3However, variability across patients
has been reported in therapeutic response and in the duration of
ª 2022 by the American Academy of Ophthalmology
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treatment intervals required tomaintain lowdisease activity.4e6

OCT is a key imaging tool used to diagnose and monitor pa-
tientswithnAMD.2Localization of theneovascularmembrane,
presence of subretinal fluid (SRF), intraretinal exudation, and
pigment epithelium detachments related to nAMD are well
visualized in OCT scans.2 Identifying early OCT imaging
features that can be used to predict therapeutic response and
durability is therefore important in individualizing therapy for
patients with nAMD.
1https://doi.org/10.1016/j.xops.2022.100171
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Several studies have examined early clinical features that
are associated with outcomes in patients with nAMD. The
presence of intraretinal fluid (IRF), central retinal thickness,
larger choroidal neovascularization size, and RPE elevation
at baseline have been shown to be predictive of poorer
visual acuity or less gain in visual acuity at year 1 of anti-
VEGF therapy.4,7e10 In addition, the presence of SRF at
baseline has been found to predict better visual acuity or
greater gain in visual acuity at year 1.8,11,12 Although these
are important findings, the anatomic features evaluated as
predictors have been limited, and the sensitivity and
specificity of these features for discriminating between
patients with and without durable treatment responses, as
measured through resolution of OCT-based imaging fea-
tures, have not been elucidated. Currently, no well-
established biomarkers to help with the decision-making
regarding therapeutic response or resistance to anti-VEGF
therapy in patients with nAMD have been identified.
Hence, developing predictive biomarkers that have impli-
cations for better assessment of response to anti-VEGF
therapy in patients with nAMD could assist retina special-
ists in personalized decision-making. The high-resolution
detail of the various tissue compartments and areas of in-
terest provided by OCT may contain important biomarkers
for therapeutic response, durability of treatment, and other
unique disease signatures. New and emerging technologies,
such as machine learning (ML) and radiomics, may provide
new opportunities for the discovery of biomarkers.13

Radiomic analyses allow for the extraction of numerous
image features and the examination of the association of
those features with clinical measures, such as durability of
therapeutic response.13,14 The radiomic features describe
subvisual attributes of an image that depict heterogeneity
in regions of interest and have been described broadly in
the field of oncology, including characterizing
chemotherapy response, identifying molecular subtypes,
and assessing tumor aggressiveness.15e19 Various types of
quantitative radiomic features can be extracted from images,
including textural features, which represent the spatial
properties of image intensity values.14,20 In a recent
publication from our group, radiomic features extracted
from different spatial compartments of the retina on OCT
scans identified those patients with diabetic macular
edema who would tolerate treatment interval extension
with anti-VEGF therapy.21 The texture-based radiomic
features were found to be most associated with response to
anti-VEGF therapy and most implicated in discriminating
the rebounders from the nonrebounders after extension of
the anti-VEGF treatment interval.21 Longitudinal
assessment of OCT imaging features in nAMD over the
span of anti-VEGF treatment explored reductions in sub-
retinal hyperreflective material (SHRM), sub-RPE, and fluid
volume across different treatment groups.22,23 In the current
study, we hypothesized that substantial variation in texture
may exist within the different OCT compartments (such as
fluid, SHRM, and retinal tissue compartments), and the
alteration of the texture-based features between baseline
and specific treatment visits (delta texture) may provide a
particular opportunity for granular insight into the response
of retinal fluid to therapy in patients with nAMD.
2

Toward this aim, the present study separately evaluated the
ability of OCT-derived textural features at baseline and
OCT-derived delta-textural features early in the course of
anti-VEGF therapy in a randomized, prospective phase II
nAMD clinical trial to discriminate between patients who
achieve and maintain retinal fluid resolution (super re-
sponders) and patients with nAMD who do not achieve or do
not maintain retinal fluid resolution (nonesuper responders).
For the purposes of this study, therapeutic response was
defined as the response of retinafluid (and not visual acuity) to
anti-VEGF therapy, which has implications for anti-VEGF
retreatment requirements. Additionally, clinical features
(e.g., IRF, SRF, and sub-RPE volume) were also evaluated
with respect to their ability to discriminate super responders
from nonesuper responders. We also hypothesized that an
MLmodel that used the clinical parameters, the texture-based
baseline, and the delta features may be even more accurate in
discriminating between the 2 groups of patients than the in-
dividual models, and hence developed a combinedMLmodel
using the combination of clinical parameters, texture-based
baseline, and delta features.

Methods

Study Description

The OSPREY study (ClinicalTrials.gov identifier, NCT01796964)
was a 56-week, multicenter, prospective, randomized phase II trial
that compared brolucizumab 6 mg and aflibercept 2 mg in patients
with untreated choroidal neovascularization resulting from age-
related macular degeneration (AMD) in the study eye.24 The
OSPREY protocol was approved by all institutional review boards,
and the study complied with the tenets of the Declaration of
Helsinki. Participants provided written informed consent before
study entry. A total of 89 patients were randomized and received
treatment. During the loading phase, patients received injections at
4-week intervals (i.e., at weeks 0, 4, and 8). After the loading
phase, patients who were treated with brolucizumab received in-
jections at 8-week intervals (i.e., at weeks 16, 24, and 32) and then at
12-week intervals (i.e., at week 44). Patients who were treated with
aflibercept received injections after the loading phase at 8-week in-
tervals. Spectral-domain OCT macular scans focused on the foveal
center point were obtained at each visit (i.e., every 4 weeks) with
either the Cirrus (Carl Zeiss Meditec) or Spectralis (Heidelberg
Engineering) devices. Scan patterns consisted of a 512 � 128 mac-
ular cube covering a 6 � 6-mm area of the macula with the Cirrus
device and a 49-line high-speed preset scan covering a 20� � 20� area
of the macula with the Spectralis device.24 Super responders were
defined as eyes that achieved 0 mm3 of IRF and SRF by week 16
(including week 16) and maintained the combined value of IRF
and SRF of <0.001 mm3 for the rest of the 56-week study.
Nonesuper responders were all other eyes.

Feature Segmentation and Clinical Feature
Extraction

A post hoc analysis of the OCT scans from the OSPREY study was
conducted at the Cole Eye Institute of the Cleveland Clinic. Eyes
were excluded from the analysis if they did not have OCT scans at
baseline and �1 other time point of sufficient quality to allow for
segmentation of retinal fluid, SHRM, and multiple retinal layers.
This resulted in the inclusion of 81 eyes in the analysis. Both
treatment groups were pooled for this analysis. The macular cube

http://ClinicalTrials.gov
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OCT scans were imported into a proprietary multilayer segmen-
tation and feature extraction platform (Cleveland Clinic).22,23,25

The platform used image processing, ML, and logic to identify
features of interest. The outputs corresponding to each feature of
interest were transformed into segmentation masks that could be
corrected as needed within the user interface. Features of interest
were IRF, SRF, SHRM (defined as the hyperreflective material
between the outer boundary of the retina and the RPE), and
retinal layers, including the internal limiting membrane (ILM),
RPE, and Bruch’s membrane. The accuracy of the segmentation
lines was reviewed and corrected as needed by 2 trained and
masked expert readers in a standardized reading environment.
The same reader evaluated all time points for any given eye to
minimize variability. The senior analyst (L.L. or T.K.L.) then
evaluated the scans for segmentation accuracy and
consistency.22,23,25 After completion of segmentation, individual
feature masks and retinal layer masks were exported for
boundary identification and radiomic feature extraction from the
original OCT images. In addition, quantitative parameters based
on the segmentation features were exported for concurrent
analysis as a potential predictor of treatment response. These
included actual retinal tissue volume, IRF volume, SRF volume,
SHRM volume, and sub-RPE volume. Further, macular retinal
fluid index (RFI; RFI ¼ 100 � IRF volume / [total retinal volume
e SRF volume]), macular subretinal fluid index (SRFI; SRFI ¼
100 � SRF volume / [total retinal volume]), and macular total
retinal fluid index (TRFI; TRFI ¼ 100 � [IRF þ SRF volume] /
[total retinal volume]) were calculated, in which the total retinal
volume was defined as the volume between the ILM and the
RPE.23,25

We define an image I as a 3-dimensional (3D) spatial grid of
voxels corresponding to the volume of OCT scans. From I, we
further defined If, Ishrm, Irtc1, and Irtc2, which represent a subvolume
of I corresponding to the segmentation of fluid, SHRM, and the
retinal tissue compartments from ILM to RPE (excluding fluid) and
from RPE to Bruch’s membrane, respectively.

Radiomic Feature Extraction

A total of 364 3D texture-based radiomic features were extracted
from every voxel within cf ˛ {If}, cshrm ˛ {Ishrm}, crtc1 ˛ {Irtc1},
and crtc2 ˛ {Irtc2} on a MATLAB platform (version 2015b;
MathWorks). In the current study, 3D feature extraction was
considered because it provides better quantitative characterization
of the heterogeneity within individual OCT compartments
compared with 2-dimensional feature extraction. The features
extracted from the subvolumes If, Ishrm, Irtc1, and Irtc2 are denoted
by Ff, Fshrm, Frtc1, and Frtc2, respectively. We denote the combi-
nation of Ff, Fshrm, Frtc1, and Frtc2 as Fotc. These texture-based
radiomic feature families include Gabor, Haralick, Laws, and
Collage features from each of the OCT compartments.

For longitudinal assessment of texture features, absolute
changes in texture measures (delta-texture features) between
baseline and month 3 were computed for the individual OCT
compartments. Because of dramatic reduction in the fluid
compartment after treatment in most of the patients, individual
assessment of the delta-texture features for the fluid compartment
was not possible; instead, the entire ILMeRPE retinal tissue and
fluid compartment was considered. The delta-texture features per-
taining to the subvolumes Ishrm, Irtc1, and Irtc2 are denoted as Dshrm,
Drtc1, and Drtc2, respectively, and their combination is denoted as
Dotc. First-order statistics (median, variance, skewness, and kur-
tosis) from the feature responses of all the voxels within the region
of interest were then computed. All feature values were normalized
with a mean of 0 and a standard deviation of 1. To remove
redundant features, the Spearman correlation coefficient was
calculated for all possible pairs of features, and for any pair of
features with a Spearman correlation coefficient of > 0.8, the
feature with a higher Wilcoxon rank-sum P value was removed.
The detailed description of these features is provided in
Supplemental Table 1.

Statistical Analysis

In the first experiment to determine the texture-based radiomic
features that best discriminated super responders from nonesuper
responders, the top 8 features (approximately one-tenth of the
number of samples) from each of the Ff, Fshrm, Frtc1, and Frtc2

feature pools were first determined using the minimum redundancy
maximum relevance (mRmR) feature selection method in a 3-fold
cross-validated setting over 500 runs. In each fold and run, these
top 8 features from each of the Ff, Fshrm, Frtc1, and Frtc2 feature
pools were used separately to train 4 different ML classifiers, such
as random forest, linear discriminant analysis, quadratic discrimi-
nant analysis (QDA), and support vector machine (using linear and
radial basis kernel) implemented within the training set within the
same run. The evaluation of Foct was also performed in a similar
way.

In the second experiment, to determine early response to ther-
apy after administration of anti-VEGF therapy for the first 3
months, the top 8 discriminating delta-texture features were
determined by mRmR feature selection method from each of the
Dshrm, Drtc1, and Drtc2 feature pools and were then used separately
in conjunction with 4 different ML classifiers (random forest, linear
discriminant analysis, QDA, and support vector machine) to pre-
dict early response to anti-VEGF therapy. Similarly, Doct was also
evaluated.

Additionally, clinical parameters and quantitative advanced
OCT features, such as actual retinal tissue volume, macular RFI,
IRF volume, macular SRFI, SRF volume, SHRM volume, sub-
RPE volume, and macular TRFI, were also evaluated at baseline.
Finally, the combination of all the clinical features, Foct, and Doct

were evaluated to predict the therapeutic response.
The top features selected were analyzed using box-and-whisker

plots, along with Wilcoxon rank-sum tests. The feature that was
most consistently selected by the ML classifier was identified as the
best-performing feature. The present study focused on describing
these best-performing features in the interest of space. To validate
the classifier performance, the area under receiver operating char-
acteristic curve (AUC), area under the precision recall curve (AUC-
PRC), accuracy, sensitivity (true-positive rate, i.e., accurately
predicting super responders from among the 81 patients), and
specificity (true-negative rate, i.e., accurately predicting nonesuper
responders) were calculated. The computational workflow is
illustrated in Figure 1.
Results

Patient Baseline Characteristics

Of the 81 patients included in the analysis, 15 were cate-
gorized as super responders and 66 were categorized as
nonesuper responders. Table 1 shows baseline
characteristics and study treatments for super responders
and nonesuper responders. Super responders showed a
higher percentage of occult lesions at baseline than
nonesuper responders (47% vs. 27%). In each patient
group, approximately half of patients received brolucizumab
and half received aflibercept. Best-corrected visual acuity at
baseline was 56.6 letters for super responders and 55.1
3



Figure 1. Overall computational workflow of the radiomic-based assessment of response to antieVEGF therapy in patients with neovascular age-related
macular degeneration using baseline OCT scans. The first step involves identifying and segmenting the OCT compartments (fluid and subretinal hyper-
reflective material [SHRM]) and the retinal tissue compartments (internal limiting membrane [ILM]-retinal pigment epithelium [RPE], and RPEeBruch’s
membrane [BM]). Texture-based radiomic features are extracted from the individual OCT and retinal tissue compartments using MATLAB version 2015a
software. Feature statistics, which included median, standard deviation, skewness, and kurtosis, were calculated for each of the individual compartments. The
top 8 features were determined using the minimum redundancy maximum relevance feature selection algorithm, followed by classification using 3-fold cross-
validation. Unsupervised hierarchical clustering also was performed. EZ ¼ ellipsoid zone.
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letters for nonesuper responders, whereas best-corrected
visual acuity at week 56 was 62.5 letters for super
responders and 61.4 letters for nonesuper responders.

Experiment 1: Distinguishing Therapeutic
Response and Durability According to
Texture-Based Radiomic Features at Baseline

Supervised Classification. The top 8 radiomic features
obtained by the mRmR feature selection method from each
of Ff, Fshrm, Frtc1, and Frtc2 feature pools are reported in
Table 2. The Benjamini and Hochberg method was used to
adjust the P values and control for the false-discovery rate,26

and a significance level of 0.05 was set to be statistically
significant. Higher expression of Laws energy features
4

was frequently present, occupying 8 of 8 features from
each of the Ff and Frtc1 feature pools and 4 of 8 features
from each of the Fshrm and Frtc2 feature pools. The Laws
energy feature L5R5L5 from the fluid compartment was
found to be the most discriminating feature from the Foct

feature pool in distinguishing between the 2 groups of
patients. The 3D Laws energy kernel L5R5L5 captured
the textural patterns of levels (or L) in both the horizontal
and diagonal direction, and ripples (or R) in the vertical
direction using a 5 � 5 � 5 convolution filter. The feature
map for the Laws L5R5L5 feature within the fluid
compartment is shown in Figure 2, for one case of a super
responder and one case of a nonesuper responder. Higher
feature expression of the Laws energy descriptor (L5R5L5
feature) with heterogeneity in the texture of the fluid



Table 1. Baseline Characteristics, Study Treatment and OCT
System, and Best-Corrected Visual Acuity at Baseline and Week

56

Characteristic
Super Responders

(n [ 15)
NoneSuper Responders

(n [ 66)

Female sex 11 (73) 40 (61)
Age (yrs) 81 � 8 77 � 10
Lesion type
Minimally classic 5 (33) 14 (21)
Occult 7 (47) 18 (27)
Predominantly classic 3 (20) 34 (52)

Presence of
hyperreflective
material

10 (67) 57 (86)

Presence of SRF 13 (87) 59 (89)
Presence of IRF 13 (87) 57 (86)
Study treatment
Brolucizumab 8 (53) 33 (50)
Aflibercept 7 (47) 33 (50)

OCT system
Cirrus 4 (27) 24 (36)
Spectralis 11 (73) 42 (64)

BCVA (ETDRS letters)
Baseline 56.6 � 9.0 55.1 � 13.3
Week 62.5 � 21.4 61.4 � 19.7

BCVA ¼ best-corrected visual acuity; IRF ¼ intraretinal fluid; SRF ¼
subretinal fluid.
Data are presented as no. (%) or mean standard deviation. Ocular-specific
characteristics refer to the study eye.

Kar et al � Anti-VEGF Response in nAMD
compartment is evident for the super responders when
compared with the nonesuper responders. The box-and-
whisker plot of the top performing feature (P ¼ 0.0015)
presented in Figure 2E shows a statistically significant
difference between the 2 groups of patients. The selection
of the Laws L5R5L5 fluid textural feature as the main
feature ensures that significant differences in heterogeneity
exist within the baseline fluid compartments between the
super responders and the nonesuper responders to the
anti-VEGF therapy.

Among the classifiers used, the QDA classifier yielded
the highest AUCs of 0.74 � 0.08, 0.72 � 0.04, 0.7 � 0.09,
and 0.73 � 0.09 and AUC-PRC of 0.73 � 0.09, 0.70 �
0.01, 0.68 � 0.11, and 0.7 � 0.09 in distinguishing super
responders from nonesuper responders using the Ff, Fshrm,
Frtc1, and Frtc2 feature pools, respectively. Finally, the QDA
classifier discriminated super responders from nonesuper
responders with an AUC of 0.75 � 0.09 (AUC-PRC, 0.73
� 0.1) from the Fotc feature pool. The AUC, accuracy,
sensitivity, and specificity yielded by the other classifiers are
presented in Supplemental Table 2.

Unsupervised Hierarchical Clustering. In addition to
the supervised classification analysis, we used unsupervised
clustering approaches to measure the efficacy of the texture-
based radiomic features in distinguishing between the 2
groups. Specifically, hierarchical clustering was used to
evaluate the discriminative ability of the different groups of
features.20 The dimensionality of features was reduced to a
set of 10 features using principal component analysis. The
unsupervised hierarchical clustering over the reduced
dimensional feature space is illustrated in Figure 3, which
shows 2 clusters: cluster 1 (blue) has a preponderance of
super responders (75%) and, similarly, cluster 2 (pink) is
the group corresponding to the nonesuper responders
(52%). This approach yielded an overall accuracy of 73%.
Additional description of unsupervised hierarchical
clustering appears in Supplemental Appendix 3.

Experiment 2: Distinguishing Treatment
Response and Durability Based on Delta-Texture
Features

Similar to experiment 1, the top 8 features obtained by the
mRmR feature selection method from each of the Dshrm,
Drtc1, and Drtc2 feature pools were categorized separately
using different ML classifiers in experiment 2. Finally, the
features were combined and used for evaluation across the
entire Doct. All of the P values were adjusted using the
Benjamini and Hochberg method26 to control for the false-
discovery rate, and a P value of <0.05 was considered to
be statistically significant. The SHRM Laws energy delta
feature skewness Laws S5L5S5 (P <0.0001) was found to
be the most discriminating feature for significantly dis-
tinguishing between super responders and nonesuper re-
sponders. The 3D Laws energy kernel S5L5S5 captures the
textural patterns of spots (or S) in the horizontal and diag-
onal directions, and levels (or L) in the vertical direction
using a 5 � 5 � 5 convolution filter. As observed in
Figure 4, the Laws energy descriptor S5L5S5 is highly
expressed in super responders compared with nonesuper
responders, both at baseline and after therapy. The textural
alteration within the SHRM compartment following therapy
for the super responders is very well captured by the Laws
energy feature (Fig 4C, G).

The QDA classifier yielded the highest AUCs of 0.76 �
0.07, 0.75 � 0.08, and 0.68 � 0.06 and the highest AUC-
PRCs of 0.74 � 0.08, 0.71 � 0.01, and 0.65 � 0.09 in
distinguishing super responders from nonesuper responders
using Dshrm, Drtc1, and Drtc2 feature pools, respectively.
Finally, the QDA classifier discriminated super responders
from nonesuper responders with an AUC of 0.78 � 0.08
(AUC-PRC, 0.76 � 0.1) from the Doct feature pool. The
performance of all the other classifiers on the delta-texture
features of individual OCT compartments are presented in
Supplemental Table 3.

Experiment 3: Distinguishing Treatment
Response and Durability Based on Quantitative
OCT Clinical Parameters

In the third experiment, 8 baseline clinical OCT parameters
were evaluated to predict therapeutic response. Actual
retinal tissue volume, macular RFI, macular SRFI, SRF
volume, SHRM volume, and macular TRFI did not
demonstrate any statistically significant difference between
the 2 groups of patients, with P values of 0.48, 0.23, 0.37,
0.37, 0.73, and 0.14, respectively. On running the QDA
classifier in conjunction with these 6 clinical parameters,
we obtained an AUC of 0.40 � 0.09 and an accuracy of 0.47
� 0.05. A similar analysis was performed on the other
5



Table 2. Top 8 Radiomic Features Identified within Each OCT of the Compartments to Distinguish Super Responders and Nonesuper
Responders to AntieVEGF Therapy in nAMD

Features Feature Family Descriptor Statistics Subcompartment P Value

Ff Laws energy L5R5L5 Median Fluid <0.001
Laws energy R5W5S5 Median Fluid <0.001
Laws energy L3E3L3 Skewness Fluid <0.001
Laws energy R5R5S5 Median Fluid <0.001
Laws energy E5L5W5 Median Fluid <0.001
Laws energy S5S5W5 Skewness Fluid <0.001
Laws energy W5E5S5 Skewness Fluid <0.001
Laws energy E5W5W5 Skewness Fluid <0.001

Fshrm Laws energy L3S3L3 Median SHRM <0.001
Gabor XY e q ¼ P/4, XZ e q ¼ P/2, f ¼ 2 Median SHRM <0.001
Laws energy E5E5E5 Kurtosis SHRM <0.001
Laws energy S5W5L5 Kurtosis SHRM <0.001
Laws energy R5S5E5 Skewness SHRM 0.001
Gabor XY e q ¼ P/2, XZ e q ¼ 0, f ¼ 2 Skewness SHRM <0.001
Gabor XY e q ¼ P/4, XZ e q ¼ P/4, f ¼ 4 Skewness SHRM <0.001
Gabor XY e q ¼ P/3, XZ e q ¼ 0, f ¼ 2 Median SHRM 0.001

Frtc1 Laws energy E3L3E3 Skewness ILM-RPE <0.001
Laws energy L3E3L3 Median ILM-RPE <0.001
Laws energy E3L3L3 Median ILM-RPE <0.001
Laws energy E3E3E3 Skewness ILM-RPE <0.001
Laws energy E3S3L3 Variance ILM-RPE 0.0043
Laws energy E3L3E3 Median ILM-RPE <0.001
Laws energy S3E3L3 Kurtosis ILM-RPE 0.005
Laws energy S3E3L3 Skewness ILM-RPE <0.001

Frtc2 Laws energy W5R5S5 Skewness RPE-BM <0.001
Laws energy S3L3E3 Median RPE-BM <0.001
Laws energy S3L3L3 Skewness RPE-BM <0.001
Gabor XY e q ¼ P/2, XZ e q ¼ P/2, f ¼ 2 Median RPE-BM 0.001
Gabor XY e q ¼ P/2, XZ e q ¼ P/4, f ¼ 2 Median RPE-BM <0.001
Gabor XY e q ¼ P/2, XZ e q ¼ P/2, f ¼ 4 Median RPE-BM <0.001
Gabor XY e q ¼ P/3, XZ e q ¼ P/4, f ¼ 4 Median RPE-BM <0.001
Laws energy R5E5E5 Skewness RPE-BM <0.001

Fotc Laws energy L5R5L5 Median Fluid 0.0015
Laws energy L3S3L3 Median SHRM 0.012
Laws energy R5S5E5 Skewness SHRM 0.032
Laws energy R5W5S5 Skewness Fluid 0.002
Laws energy W5R5S5 Skewness RPE-BM 0.002
Laws energy S3L3L3 Skewness RPE-BM 0.016
Laws energy L3E3L3 Skewness Fluid 0.017
Laws energy E5E5E5 Kurtosis SHRM 0.014

BM ¼ Bruch’s membrane; ILM ¼ internal limiting membrane; RPE ¼ retinal pigment epithelium; SHRM ¼ subretinal hyperreflective material.
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clinical parameters obtained at baseline, including sub-RPE
volume and IRF volume. The box-and-whisker plots of
these 2 baseline clinical parameters are illustrated in
Figure 5. As observed with P values of 0.0023 and 0.045,
respectively, the 2 baseline clinical features sub-RPE vol-
ume and IRF volume distinguished favorably between the
super responders and the nonesuper responders. Both sub-
RPE volume and IRF volume were higher in the nonesuper
responder group compared with the super responder group.
The QDA classifier yielded an AUC of 0.62 � 0.07, an
AUC-PRC of 0.61 � 0.09, and an accuracy of 0.69 � 0.05
with the use of these 2 clinical parameters. However, when
all 8 clinical parameters were considered, the QDA
classifier attained an AUC of 0.63 � 0.06, an AUC-PRC of
0.61 � 0.04, and accuracy of 0.69 � 0.09. The box-and-
whisker plots for remainder of the clinical parameters are
shown in Supplemental Figure 1.
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Experiment 4: Integrative Assessment of
Texture-Based Radiomic OCT Features and
Quantitative OCT Parameters to Predict
Treatment Response and Durability

In experiment 4, a fusion of Foct, Doct, and all the volumetric
clinical parameters was used to check the efficacy in dis-
tinguishing the 2 groups of patients in a supervised approach.
The combined model showed a statistically significant
improvement (DeLong test27) compared with the individual
models. The QDA classifier produced an AUC, AUC-PRC,
and accuracy of 0.81 � 0.07, 0.78 � 0.08, and 0.79 � 0.09,
respectively, from the combined Foct, Doct, and clinical pa-
rameters. The most predictive feature that significantly distin-
guished the 2 groups of patients is the delta-texture feature
median Laws S5L5E5 (P ¼ 0.00057) from the SHRM
compartment. The performance of all the other classifiers on



Figure 2. Feature analysis of combined OCT features: original OCT scan of one case of (A) super responder and (B) non-super responder demonstrating
feature map overlay of Laws L5R5L5 feature from the fluid compartment. C, Box-and-whisker plot corresponding to the median Laws L5R5L5 feature values
from super responders (left; n ¼ 15) and median Laws L5R5L5 values from non-super responders (right; n ¼ 66).
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the baseline, delta-texture features and quantitative OCT pa-
rameters are presented in Supplemental Table 4. We also
distinguished treatment response/durability based on
thickness-based features from OCT subcompartments and
delta-thickness features (Supplemental Appendixes 1 and 2,
respectively). However, combining thickness based features
with the texture features and clinical parameters did not yield
any significant improvement in the classifier performance.
The Box and Whisker plot of the most discriminating
baseline and delta thickness features are presented in
Supplemental Figure 2 and 3, respectively.
Discussion

Investigations of predictive biomarkers are important for the
management of patients with nAMD, because therapeutic
response and treatment requirements have been shown to
differ widely across patients.4e6 For a proportion of patients
with nAMD, retinal fluid persists despite regular injections
of anti-VEGF agents.3,27 Furthermore, for patients who are
able to achieve retinal fluid resolution, the dosing intervals
required to maintain fluid resolution vary depending on
the individual.6,28 Developing biomarkers of therapeutic
response and durability allows for more individualized
therapy, such that permanent vision loss can be avoided
for patients with a higher likelihood of disease progression
and also that patients with more or less acute treatment
needs are not overburdened with frequent injections.
Radiomic-based assessment provides a unique opportunity
to identify biologically relevant tissue features on OCT that
may not otherwise be readily identifiable.13,14

Previous studies have explored clinical features and
traditional OCT parameters that have been linked to thera-
peutic durability. An analysis of OCT-derived features from
the HARBOR study found that most of the main features
associated with a favorable response in pro re nata treatment
requirements in patients with nAMD were related to SRF,
IRF, and retinal layer thickness early in the course of ther-
apy (i.e., at month 1 or 2).29 A novel OCT analysis-based
study that enabled the characterization of IRF and SRF
volume showed the presence of varying degrees of fluid
across patients with nAMD after therapy.30,31 These results
suggest that in addition to analyzing baseline features, the
characteristics associated with early treatment response
may provide important insights into treatment durability.

Radiomics in ophthalmology is an emerging field of
exploration.32,33 In diabetic eye disease, a recent study from
our group21 demonstrated the texture-based radiomic fea-
tures within specific OCT compartments to be most asso-
ciated with response to anti-VEGF therapy and to have the
greatest discriminative power with respect to predicting
treatment durability of anti-VEGF therapy in patients with
diabetic macular edema. Increased volume of drusen, as
observed on OCT scans, has been found to be associated
with AMD.34 Additional studies considered different
quantitative imaging features (e.g., drusen shape, mean
area, volume) in spectral-domain OCT images associated
with conversion from early or intermediate nonexudative
AMD to exudative AMD.35,36 Beyond OCT, radiomic
analyses of spatial distribution of leakage foci and
vascular tortuosity in baseline ultra-widefield fluorescein
angiography was predictive of therapeutic durability in
retinal vascular disease.18

In the current study, multiple analyses were explored to
evaluate various potential radiomic biomarkers. Baseline
textural features extracted from different anatomic sub-
compartments of OCT images were assessed for their ability
to discriminate between patients with nAMD who achieved
and maintained retinal fluid resolution (super responders)
and those who did not achieve or maintain retinal fluid
resolution (nonesuper responders) with anti-VEGF therapy.
Multiple studies have indicated the presence of SRF, IRF,
and SHRM is associated with worse visual outcomes and
response to anti-VEGF therapy in patients with
nAMD.1,4,7e10,37 Given these findings, we hypothesized
that there may exist significant textural differences within
the various OCT compartments between the super
responders and the nonesuper responders to anti-VEGF
treatment for nAMD. Our experiment revealed that the
texture-based radiomic features pertaining to the fluid
compartments are most implicated in response of retinal
7



Figure 3. Unsupervised clustering analysis of combined OCT features. The clustergram of combined radiomic features extracted from different OCT
subcompartments and retinal tissue compartments. The x-axis represents the reduced-dimension features (10 features selected using principal component
analysis) and the y-axis represents the number of patients.
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fluid to anti-VEGF therapy among patients with nAMD.
Higher expression of Laws energy feature was observed
within the fluid texture of the eyes that were super re-
sponders to anti-VEGF therapy. This is very much in line
with our previous finding,21 in which texture-based radio-
mic features pertaining to the fluid compartment (specif-
ically, the IRF subcompartment) were found to be most
implicated in the therapeutic response in patients with dia-
betic macular edema, although the 2 disease states differ.
Further exploration of these radiomic biomarkers (e.g.,
Laws energy feature) may provide insight into the under-
lying pathogenesis or dominant pathways in the disease.
Because of significant heterogeneity within the fluid
compartment among the super responders, an imaging
biomarker focused on characterizing heterogeneity within
the fluid compartments may have significant value in more
personalized treatment planning.

Some studies also have demonstrated the volumetric
improvements in multiple compartmental features, including
fluid, SHRM, and sub-RPE from baseline to each visit for
anti-VEGF treatment.22,23 To the best of our knowledge,
however, no published reports in the existing literature
have investigated the role of OCT-derived texture-based
delta radiomic features in predicting response of retinal fluid
to anti-VEGF treatment in patients with nAMD. Longitu-
dinal assessment of the texture features (delta-texture
8

features) between baseline and month 3 was also explored in
the current study, providing an important context for the
change in radiomic features after treatment initiation. This
analysis identified that the SHRM compartment contained
the most discriminating delta features for distinguishing
between the 2 treatment response groups. The Laws energy
descriptor was overly expressed for the super responders,
and a reduction in the heterogeneity was also observed after
therapy among the super responders compared with the
nonesuper responders. This finding supports the fact that
textural alteration may occur within the SHRM compart-
ment between baseline and after therapy, because SHRM
largely comprises fluid, the volume of which can be
significantly reduced with anti-VEGF therapy.22,37 This may
also be related to the strong link between SHRM features
and underlying neovascularization.

Laws texture features tend to capture the textural patterns of
speckles, ripples, and waves. Because of underlying disease
manifestation, super responders may have more complex
microlevel architecture within the fluid and SHRM compart-
ment, compared with nonesuper responders, that may be re-
flected as heterogeneity in feature expression within the
texture. The most discriminating features (baseline fluid and
SHRM delta texture) in the present study may be capturing the
discrepancies inmicroarchitecture and heterogeneity in texture
within the OCT compartments between the patient groups.



Figure 4. Textural alteration within the subretinal hyperreflective material (SHRM) compartment after therapy. Original baseline OCT scan of one case of
(A) a super responder and (B) a non-super responder with feature map of Laws S5L5S5 feature within the baseline SHRM compartment. C, D, OCT scans
obtained after 3 cycles of therapy for one case of (C) a super responder and (D) a non-super responder with feature expression within the SHRM
compartment demonstrating textural change over time in the super responder compared to the non-super responder. E, Box-and-whisker plot corresponding
to the skewness Laws S5L5S5 feature values from the super responders (left; n ¼ 15) and the feature values from the non-super responder (right; n ¼ 66).
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Most of the baseline OCT quantitative parameters associ-
ated with disease activity (i.e., actual retinal tissue volume,
macular RFI,macular SRFI, SRF volume, SHRMvolume, and
macular TRFI) did not demonstrate significant differences
between the 2 groups of patients in our experiment. Interest-
ingly, both sub-RPE compartment volume and IRF volume
differed significantly between the 2 groups. This supports the
findings from previous nAMD OCT analyses.4,7,38,39

Using an integrative approach that included baseline
textural, delta-texture, and clinical OCT features provided
the highest classification performance, with an AUC of 0.81.
The delta Laws energy descriptor from the SHRM
compartment was the feature that best distinguished be-
tween the 2 groups from the combination feature pool.
These findings suggest that a combination of various
texture-based radiomic features at baseline and delta-texture
features warrants further investigation as predictive bio-
markers of therapeutic response and durability in patients
with nAMD. Multiple studies in the literature have reported
the SHRM thickness40 and fluctuation in retinal thickness41

to be associated with visual acuity in patients with nAMD.
In the present study, we also carried out thickness-based
assessment of different OCT compartments; however,
incorporating baseline thickness and delta-thickness features
in the combined model did not improve classifier perfor-
mance. Further investigation is needed to explore their role
as predictive biomarkers for anti-VEGF therapy treatment
response in patients with nAMD.
The present study had several limitations, including a
small sample size (n ¼ 81) and the exploratory nature of the
analysis. A study with a larger sample size may provide
more consistent and robust findings. In addition, the results
may not be entirely representative of patients treated in
clinical routine practice, because they were based on a
randomized trial of brolucizumab and aflibercept. Because
of the small sample size, the treatment groups were pooled
for the analyses. This introduced variability not only in the
treatment, but also in the treatment intervals, used after week
32. All lesion types (occult, minimally classic, and pre-
dominantly classic) were analyzed together, which is a
limitation because features that are predictive of retinal fluid
response may differ between lesion types. Notably, the
super responders included a higher percentage of patients
with occult lesions than the nonesuper responders (47% vs.
27%). The binary classification of the patient groups into
super responders and nonesuper responders was a simpli-
fication of the spectrum of responses that can occur with
anti-VEGF therapy. Because of underlying disease mani-
festation, even among the eyes that have persistent fluid,
predictive features may differ across patient subgroups.
Furthermore, the classification of the groups was based
solely on IRF and SRF response without consideration of
other OCT features (e.g., SHRM) or visual acuity, which is
the most important outcome measure for eyes with nAMD.
Also, our assessment did not consider lesion type as one of
the clinical parameters because of limited sample size. We
9



Figure 5. Box-and-whisker plots showing (A) suberetinal pigment epithelium (RPE) volume (P ¼ 0.0023) and (B) intraretinal fluid (IRF) volume
(P ¼ 0.045). The figure illustrates the clinical parameters that significantly distinguished between the super responders (n ¼ 15) and nonesuper responders
(n ¼ 66).
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are planning to consider lesion type as predictor in a much
larger HAWK dataset.6 We extracted and evaluated
radiomic features from OCT compartments that have some
risk for inconsistency of segmentation. No external
validation was performed for the OCT devices or
segmentation software used. One of the important
concerns of spectral-domain OCT devices is the accuracy
of the retinal thickness map because spectral-domain OCT
scans are mostly anisotropic. This may impact volumetric
assessment, and therefore interpolation between each scan is
required.42 Three-dimensional interpolation is carried out
either by inferencing a large number of voxels between
slices (upsampling), or by the loss of a large fraction of in-
plane information (downsampling). These could have po-
tential influence on the predictive capability of subsequent
radiomic features because of their sensitivity to changes in
voxel size.43 Substantial variation in radiomic features such
as coarseness (characterizing image granularity) and entropy
(characterizing architectural disorder) may result from
acquisition parameters.44 The robustness of the biomarkers
10
presented in the study and their reproducibility needs
further investigation across different cites using different
spectral-domain OCT scanners. Future research is also
required to validate texture-based radiomic features as pre-
dictors of therapeutic response and durability in patients
with nAMD. Finally, this study focused only on OCT
imaging, with no other sources of images, such as OCT
angiography, fluorescein angiography, or fundus images,
considered to assess the morphologic features.

In conclusion, this study identified and evaluated
OCT-derived textural radiomic features as predictors of
response of retinal fluid to anti-VEGF therapy and thera-
peutic durability in patients with nAMD. In this preliminary
analysis, we identified 2 biomarkers that characterize
heterogeneity within the fluid compartment and alteration of
texture within the SHRM compartment that may have sig-
nificant relevance to treatment response in eyes with nAMD.
Future research is warranted to validate these findings to
establish the role of these biomarkers in predicting thera-
peutic response and durability in patients with nAMD.
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