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Purpose: Various pathways and cytokines are implicated in pathogenesis of diabetic macular edema (DME).
Computational imaging biomarkers (CIBs) of vessel tortuosity from ultra-widefield fluorescein angiography
(UWFA) and texture patterns from OCT images have been associated with antievascular endothelial growth factor
(VEGF) therapy treatment response in DME. This analysis was a radiogenomic assessment of the association
between underlying cytokines, UWFA, and OCT-based DME CIBs.

Design: Biclustering analysis based on UWFA and OCT CIBs to identify a common imaging phenotype across
patients with subsequent assessment of underlying cytokine signatures and treatment response attributes.

Participants: The IMAGINE DME study was a post hoc study of cytokine expressions that included 24 eyes
with sufficient baseline aqueous humor samples and an in-depth assessment of the imaging studies obtained
during the phase I/II DmeAntiVEgf study (DAVE) that measured different cytokine expressions.

Methods: A total of 151 graph or morphologic features quantifying leakage shape, size, density, interobject
distance, and architecture of leakage spots and 5 vessel tortuosity features were extracted from the baseline
UWFA scans, and 494 texture-based radiomics features were extracted from each of the fluid and retinal tissue
compartments of OCT images. Biclustering enables simultaneous clustering of patients and features and was
used to aggregate patients in terms of their commonality of phenotypes (based on similar imaging attributes) and
to identify commonality in terms of cytokine expression and treatment response to anti-VEGF therapy.

Main Outcome Measures: Identification of eyes with similar imaging phenotypes to evaluate commonalities
of patterns and underlying cytokine expression.

Results: Strong correlations between VEGF and 7 UWFA leakage morphologic features (Pearson correlation
coefficient [PCC], 0.45e0.51; P < 0.05), 1 vascular tortuosity-based UWFA feature (PCC, 0.45; P ¼ 0.00016), and
2 OCT-derived intraretinal fluid texture features (PCC, 0.58e0.63; P < 0.05) were identified. Strong correlation
between intraretinal fluid features and other cytokines (PCC, 0.41e0.59; P < 0.05) were also observed.

Conclusions: This study identified groups of eyes with similar imaging phenotypes as defined by UWFA and
OCT CIBs that demonstrated similar treatment response patterns and cytokine expression, including a strong
association between VEGF with UWFA-derived leakage morphologic and vessel tortuosity
features. Ophthalmology Science 2022;2:100123 ª 2022 by the American Academy of Ophthalmology. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Supplemental material available at www.ophthalmologyscience.org
Diabetic macular edema (DME) is one of the main causes
of visual impairment and blindness worldwide. It affects
approximately 14% of patients with diabetes globally.1

It is characterized by progressive retinal microvascular
changes leading to tissue ischemia, increased
permeability, neovascularization, edema, and swelling of
the central retina (macula). Although the exact
pathophysiologic features of DME remain unknown,
several factors, such as increased oxidative stress,
ª 2022 by the American Academy of Ophthalmology
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inflammation, alteration in the blooderetinal barrier, and
ultimate vascular dysfunction contribute to the develop-
ment of DME.1,2

Although the molecular pathogenesis of DME is not fully
elucidated, vascular endothelial growth factor (VEGF) is one
of the primary mediators for the development of DME.3

Vascular endothelial growth factor has been identified as the
primary vasopermeability factor that disrupts and stimulates
the breakdown of the intercellular junction of the
1https://doi.org/10.1016/j.xops.2022.100123
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blooderetinal barrier.4 This, in turn, causes the accumulation
of intraretinal fluid (IRF) and subretinal fluid. Vascular
endothelial growth factor also plays an important role in
increased vessel tortuosity and in vascular leakage.
Intravitreal aflibercept injections of VEGF inhibitors are now
the first-line treatment for DME management. Despite the
efficacy of anti-VEGF therapy in improving visual acuity and
decreasing retinal thickening, the degree of response to anti-
VEGF therapy varies from patient to patient, with many of
these patients experiencing rapid significant visual acuity,
whereas others may not benefit despite several injections.5

Apart from VEGF, several other cytokines and pathways,
such as hepatocyte growth factor, interleukin 6, interleukin 8,
monocyte chemoattractant protein 1 (MCP-1), urokinase
plasminogen activator receptor, and angiopoietin-like 4
(ANGPTL4) have also been implicated in the pathophysio-
logic characteristics of DME.6 Increased levels of
proinflammatory mediators in aqueous humor have been
observed for patients with DME compared with patients
without DME.7

Imaging technologies with both spectral-domain OCT
and ultra-widefield angiography (UWFA) provide a critical
foundation for assessment of DME. Currently, the use of
these data-rich images is restricted primarily to subjective
clinician interpretation and basic quantitative measures. The
different fluid and retinal tissue compartments of the OCT
images contain valuable information in the form of variation
of texture, gradient, and heterogeneity. Historically, these
compartments have not been readily available for assess-
ment because of challenges in segmentation, but advances in
image analysis platform and machine learning enhance-
ments have enabled more advanced evaluations for both
OCT and UWFA.8e13 Subtle variation in morphologic
characteristics and alterations in texture within the fluid and
the retinal tissue compartments, as well as structural changes
in the retina, are well visualized in OCT scans resulting from
the underlying disease manifestation. The heterogeneity
within the different retinal compartments is well captured by
different texture-based radiomics descriptors. However,
UWFA enhances visualization of panretinal vascular
abnormalities, such as microaneurysms, leakage, and non-
perfusion in DME and diabetic retinopathy (DR).13 Both
UWFA and OCT provide a comprehensive assessment of
anatomic and retinal vascular impact of DME.

Previous work by our team identified both UWFA and
OCT-based radiomic features that are associated with
anti-VEGF treatment response and durability in DME. More
specifically, new radiomic computational imaging biomarkers
(CIBs) specifically focused on characterizing different
morphologic properties of leakage areas and tortuosity of
vasculature fromUWFA scans that were linked to durability of
therapy and treatment response.14 In addition, multi
compartmental OCT analysis identified different texture-
based radiomic descriptors extracted from the fluid and the
retinal tissue compartments that were associated with anti-
VEGF therapy response.15 However, the correlations
between these imaging features and intraocular cytokine
levels to date have not been investigated thoroughly. The
possible associations between underlying expression of
specific cytokines and CIBs associated with anti-VEGF
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response in the context of in-depth phenotypic characteriza-
tion of both UWFA and OCT CIBs may enable opportunities
for targeted therapeutic selection and predictive modeling of
progression risk. In this study, in an attempt to provide a mo-
lecular and biological basis for the radiomic features, the
identification of radiogenomic correlations between cytokine
expression and CIBs was sought. Specifically, morphologic
features quantifying the shape, size, density, and interobject
distance attributes; architecture of the leakage nodes (i.e.,
global information on the leakage foci arrangement); vessel
tortuosity-based features from the UWFA images14; and the
texture-based OCT-derived radiomic descriptors extracted
from the different fluid and the retinal tissue compartments
of the OCT images that were previously shown15 to be
associated with response to anti-VEGF therapy for DME
were evaluated.

Biclustering is a unique analysis system that allows
simultaneous clustering of rows (patients) and columns
(features) of a data matrix. In this preliminary study,
biclustering was used on UWFA and OCT features inde-
pendently to identify eyes that were likely to demonstrate a
similar morphologic phenotype and potential response
pattern to anti-VEGF therapy in DME. After cluster iden-
tification, the correlation between the cytokines and the
radiomics-based CIBs that were coclustered with the patient
subgroups were investigated to establish their biological and
molecular basis.
Methods

Study Description and Cytokine Assessment

The IMAGINE DME Study was a post hoc analysis that evaluated
aqueous cytokine expression with an in-depth assessment of the
imaging studies obtained throughout the phase I/II DmeAntiVEgf
study (DAVE) performed by Brown et al.16 The IMAGINE study
was granted exemption by the Cleveland Clinic institutional review
board.8 The DAVE study obtained institutional review board
approval (Sterling institutional review board), and all participants
provided informed consent. Adherence to the tenets of the
Declaration of Helsinki was required for the study. The main
objective of this study was to evaluate the association between
the baseline cytokine profile of the patients with DME and their
corresponding treatment response to anti-VEGF therapy. The
DAVE study was a 3-year prospective randomized trial evaluating
ranibizumab alone compared to combination therapy with targeted
retinal photocoagulation to nonperfusion areas in treatment-naïve
eyes with DME. Twenty-four eyes from 20 patients with sufficient
baseline aqueous humor samples, UWFA data, and OCT data from
the DAVE study were included in the study. The remaining eyes
were excluded because of the unavailability of aqueous humor
samples, UWFA of sufficient quality for assessment, or both.
Included participants had visually significant DME, were 18 years
of age or older, and had severe nonproliferative DR or early pro-
liferative DR. All participants received 4 doses of monthly 0.3-mg
ranibizumab injections before monthly visits, with re-treatment as
required based on disease activity (pro re nata treatment) during the
entire course of the study. Baseline aqueous fluid samples were
obtained at the time of initial intravitreal therapy as part of the
DAVE study. Samples were stored at e80 �C until analysis. For
this analysis, 2 multiplex arrays measured levels in quadruplicate
for cytokine quantification (RayBiotech). Because urokinase
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plasminogen activator receptor, VEGF, ANGPTL4, hepatocyte
growth factor, interleukin 6, MCP-1, tissue inhibitor of metal-
loproteinase (TIMP)-1, and TIMP-2 are key cytokines implicated
in the pathogenesis of DME, these 8 cytokines were selected for
correlation analysis. Subsequently, the correlation between these 8
cytokines and the radiomics-based CIBs that were coclustered with
the patient subgroups in each of the biclusters was investigated to
establish the biological and molecular basis of the biclusters
and CIBs.

Quantitative Ultra-Widefield Fluorescein
Angiography Analysis and Higher-Order OCT
Analysis

For UWFA analysis, image analysis experts selected optimal mid-
frame and late-frame UWFA images. Selection was performed
based on centration, field of view, timing of angiographic study,
and image clarity. After image selection, a machine learning-
enhanced leakage segmentation platform was used to identify
leakage foci and to segment each leakage node (i.e., object), as
previously described.9,11,13,17

The baseline macular OCT cube was evaluated using a machine
learning-enhanced, automated, multilayer feature extraction seg-
mentation platform with expert review and segmentation correction
Figure 1. Diagram showing workflow of the ultra-widefield fluorescein an
OCT-derived spatial radiomic features from the IMAGINE Diabetic Macular
(B) segmentation of leakage structure, (C) segmentation of retinal vasculature,
structures, (E) vessel tortuosity-based feature extraction, (F) fusion of leakage and
(I) segmentation of retinal tissue compartments, (J) feature extraction from fluid
fluid and retinal tissue features, and (M) biclustering of OCT and UWFA featur
The correlation between the features identified by biclusters and different cyto
as needed. Retinal anatomic layers, including ellipsoid zone integrity
and fluid objects, were extracted, as previously described.8,13

Categorization of Eyes Based on Treatment
Response

Based on therapeutic response, eyes were categorized into 4
different groups: super responders, early responders, slow re-
sponders, and nonresponders, as previously described.8 For super
responders and early responders, the IRF volume was reduced by
> 80% or to < 0.001 mm3, the excess thickening of the central
subfield thickness was reduced by 80% after month 1 (for super
responders) or by month 3 (for early responders), or both. Based
on this criteria, the super and early responders were combined as
optimal responders. The slow responders and nonresponders
were combined as minimal responders. Thirteen patients were
optimal responders and 11 patients were minimal responders.
Baseline VEGF levels were significantly higher among the
optimal responders compared with the minimal responders (848.2
pg/ml vs. 374.5 pg/ml; P ¼ 0.018). Therefore, in the present
study, we considered the optimal responders and the minimal
responders to belong to the high VEGF group (n ¼ 13) and low
VEGF group (n ¼ 11), respectively, to assess their common
morphologic and response patterns to anti-VEGF therapy.
giography (UWFA)-derived leakage and vessel tortuosity features and
Edema Study and corresponding evaluation: (A) original UWFA scan,
(D) graph and morphologic feature-based feature extraction from leakage
tortuosity features, (G) original OCT scans, (H) segmentation of fluid, and
, and (K) feature extraction from retinal tissue compartments, (L) fusion of
es. Each bicluster identifies a patient group with similar diagnostic patterns.
kine levels was evaluated.
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Table 1. Summary of Association between Ultra-Widefield Fluorescein Angiography Features and Cytokines

Bicluster No. Ultra-Widefield Fluorescein Angiography Features Cytokines Pearson Correlation Coefficient P Value

1 Leakage shape: mean invariant moment 1 VEGF 0.46 0.034
Leakage shape: mean invariant moment 2 0.45 0.043
Leakage shape: median invariant moment 4 0.51 0.00012
Leakage graph: median standard deviation of distance 0.45 0.043
Leakage shape: standard deviation Fourier descriptor 2 0.48 0.03
Leakage shape: mean area ratio MCP-1 e0.46 0.03

2 Leakage shape: mean invariant moment 2 VEGF 0.45 0.043
Leakage shape: median standard deviation of distance 0.45 0.043
Vessel tortuosity: variance of inclination, q 0.45 0.00016

MCP-1 ¼ monocyte chemoattractant protein 1; VEGF ¼ vascular endothelial growth factor.
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Overview of the Computational Imaging Feature
Extraction Workflow

The computational workflow of the present work is illustrated in
Figure 1. For UWFA images, the preprocessing and segmentation
of the leakage regions and the vasculature network were completed
(Fig 1B, C) on the baseline images (Fig 1A). For the OCT scans
(Fig 1G), the fluid and the retinal tissue compartments were
segmented (Fig 1H, I). The detailed description of the image
analysis and leakage area, vessel, fluid, and retinal tissue
compartment segmentation is presented in the Supplemental
Appendix (section I). Unique leakage morphologic features and
vessel tortuosity-based features were extracted from the baseline
UWFA images (Fig 1D, E). For the OCT images, texture-based
radiomics features were extracted from each of the fluid compart-
ments (subretinal fluid and IRF) and various retinal tissue com-
partments (i.e., inner limiting membrane to ellipsoid zone, ellipsoid
zone to retinal pigment epithelium, and inner limiting membrane to
retinal pigment epithelium; Fig 1J, K) of the OCT scans. The
UWFA and OCT features (Fig 1F, L) were biclustered
independently (Fig 1M) and their association with the cytokines
was investigated for radiogenomic analysis.

Radiomics Feature Extraction

Ultra-Widefield Fluorescein Angiography Image Features. For
quantitative measurement of leakage shapes and their spatial dis-
tribution, proximity metrics using graph network analysis were
computed and morphologic features quantifying shape, size, and
density attributes of the leakage areas were extracted as previously
described.14 The graph features (Fg) were derived from the leakage
centroid coordinates. This family included 51 descriptors of
leakage arrangement and density-derived measurements as quan-
titative features to describe the leakage spots. The morphologic
features (Fm) included 25 measurements of objects or area distance
to N nearest neighbors, disorder of distance to N neighbors,
invariant and Fourier descriptors of boundary points, fractal
dimension, smoothness, area, and perimeter. The mean, median,
standard deviation, and minimum and maximum ratio of these 25
measurements were calculated. In addition, 5 vascular tortuosity-
based features (Ft) were extracted from the baseline UWFA im-
ages. Local measures of vessel curvature in the Hough parameter
space were computed to model the architectural disorder of the
vascular network.23 The graph features (Fg), morphologic features
(Fm), and tortuosity features (Ft) were fused to obtain the entire
UWFA feature set (FUWFA).

OCT Image Features. For quantitative feature extraction from
the OCT images, a total of 494 3-dimensional texture-based radio-
mics features were extracted from each of the fluid subcompartment
4

(IF) and retinal subcompartment (IRTC) subvolumes on a Matlab
version 2015b platform (Mathworks, Natick, MA) and fused
together to obtain the entire OCT feature set (FOCT). The OCT
feature set (FOCT) for every study included 65 Haralick features
(capturing texture heterogeneity), 152 Laws energy features
(capturing presence of spots, edges, waves, and ripples), 225 Gabor
wavelet features (capturing structural detail at different orientations
and scales), and 52 Collage features (capturing anisotropic tensor
gradient differences). Statistics of median, standard deviation,
skewness, and kurtosis were then calculated from the feature within
all regions of interest. To remove redundant or collinear features, all
possible combinations of features were tested for correlation by
calculating the Pearson correlation coefficient (PCC) and those
features corresponding to feature pairs with a PCC of > 0.8 were
eliminated. All feature values were normalized (mean of 0 and
standard deviation of 1). Detailed descriptions of the UWFA-derived
graph, morphology-based leakage, vessel tortuosity, and the texture-
based OCT features are provided in the Supplemental Appendix
(sections II, III, IV, and V, respectively).

Morphologic Phenotype Biclustering

Biclustering enables simultaneous clustering of patients and fea-
tures.18,19 Each bicluster is represented as a homogeneous
submatrix of the imaging features (Supplemental Appendix,
section VI). In this study, biclustering of patients and the UWFA
feature set (FUWFA) and OCT feature set (FOCT) was performed
simultaneously to identify the subsets that had similar imaging
phenotypes and response attributes or cytokine expression. The
biclusters discovered from the radiomic features represent a
common imaging phenotype across patients within the subgroup.
For biclustering, the BiclustGUI R package version 1.1.3 was
used, a graphical user interface developed as a plug-in for R
Commander. We implemented the different biclustering methods
such as Plaid, CC, XMotif, Spectral, QuestMotif, and BiMax
within the biclust package.

Three biclusters (bicluster 1 and bicluster 2 from UWFA features
(FUWFA) and bicluster 3 from OCT features (FOCT)) from the
consensus of these 6 bicluster methods were identified. In bicluster 1
and bicluster 2, a subset of patients with similar expression patterns of
FUWFA were coclustered. Similarly, bicluster 3 involved coclustering
of a subset of patients with similar expression patterns of FOCT. The
PCCvalues and the associatedPvalues betweenFUWFA andFOCT (that
were coclustered in each bicluster) and the measured cytokines were
calculated to determine whether the features identified by biclustering
were biologically and clinically relevant. The Benjamini-Hochberg
method was used to adjust the P values and control for the false dis-
covery rate.20 Statistically significant associations with P < 0.05 and
absolute value of PCC > 0.4 were reported.



Figure 2. Pearson correlation coefficient matrix showing the association between the cytokine levels and the ultra-widefield fluorescein angiography
(UWFA) features identified by (A) bicluster 1 and (B) bicluster 2, respectively, and (C) the texture-based OCT features identified by bicluster 3. Strong
association between vascular endothelial growth factor (VEGF) and leakage shape and vessel tortuosity-based UWFA features and between VEGF and
texture-based OCT features are observed. *Statistically significant (P < 0.05) relationship. ANGPTL4 ¼ angiopoietin-like 4; HGF ¼ hepatocyte growth
factor; IL ¼ interleukin; IRF ¼ intraretinal fluid; Max ¼ maximum; MCP-1 ¼ monocyte chemoattractant protein 1; Min ¼ minimum; MST ¼ minimum
spanning tree; SRF ¼ subretinal fluid; TIMP ¼ tissue inhibitor of metalloproteinase; UPAR ¼ urokinase plasminogen activator receptor.
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Results

Association of Ultra-Widefield Fluorescein
Angiography-Based Radiomic Descriptors with
Cytokine Levels

From the consensus of the biclustering methods, 2 UWFA-
based biclusters (bicluster 1 and bicluster 2) were identified.
In bicluster 1, 10 eyes (8 from the high VEGF group and 2
from the low VEGF group) and 25 UWFA morphology-
based features (Fm) were coclustered. Among these, 6
features were identified to have significant association
(P < 0.05) with VEGF and MCP-1 with PCC of > 0.4 or
PCC of < e0.4. In bicluster 2, all the eyes from the high
VEGF group and 12 UWFA CIBs (FUWFA) were coclus-
tered. Three of these UWFA features (2 morphologic and 1
tortuosity) were found to be associated with VEGF (P <
0.05, PCC > 0.4). The details of these associations are
presented in Table 1.
Figure 3. Ultra-widefield fluorescein angiography (UWFA) feature assessment w
image for 1 eye in the high vascular endothelial growth factor (VEGF) group (s
The centroid of the leakage patch is highlighted in red and the boundary of eac
with same area are presented using the same color. B, Vessel tortuosity assessm
VEGF group. As observed, vessels in the high VEGF group are more tortuous c
texture-based OCT-derived laws S5L5L5 feature for 1 eye from the high VEGF
high VEGF group.
The relationship matrix between the cytokine levels and
the radiomics features (FUWFA and FOCT ) are illustrated in
Figure 2. Among the features co-clustered in bicluster 1, the
strongest association was found between VEGF and a
leakage shape feature (i.e., median invariant moment 4
[PCC, 0.51; P ¼ 0.00012]; Fig 3A). This specific shape-
feature CIB captures the leakage node appearance and
boundary characteristics. The shape of the leakage objects
for the high VEGF group tend to be more radial (possibly
perivascular in origin) as compared with the low VEGF
group (Fig 4A).

Among the features coclustered in bicluster 2, the
strongest association was identified between VEGF and a
tortuosity metric (i.e., variance of inclination q [PCC, 0.45;
P ¼ 0.00016]; Fig 3). Higher variance in this UWFA CIB
represents greater disorder and more twisted vessel
architecture and vice versa. More complex and twisted
tortuosity patterns were observed for the high VEGF
group, as shown in Fig 4.
ith cytokine expression. A, Leakage feature assessment on baseline UWFA
uper plus early responder) and low VEGF group (slow plus nonresponder).
h of the leakage patches are highlighted in separate colors. Leakage patches
ent on baseline UWFA image for 1 eye in the high VEGF group and low
ompared with the vessels in the low VEGF group. C, Feature map showing
group and low VEGF group. Higher feature expression is observed for the
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Association of OCT-Based Radiomic Descriptors
with Cytokine Levels

From the consensus biclustering methods, bicluster 3 was
identified based on OCT radiomics features (FOCT) and
involved coclustering of 8 eyes (6 from the high VEGF
group and 2 from the low VEGF group) and 13 texture-
based OCT features. Ten of these textural features were
found to have significant association (P < 0.05) with
different cytokines with PCC of > 0.4 <e0.4. These as-
sociations were all between (1) VEGF and IRF texture-
based radiomics features (i.e., skewness laws L5L5W5
[PCC, e0.67; P ¼ 0.0002], median laws S5L5L5 [PCC,
0.63; P ¼ 0.0067], and skewness laws S3L3E3 [PCC, 0.58;
P ¼ 0.02]). In addition to VEGF, associations were identi-
fied between (1) urokinase plasminogen activator receptor
and IRF texture-based features (median laws S5L5L5 [PCC,
0.59; P ¼ 0.04]), (2) ANGPTL4 and 4 IRF texture-based
features (skewness laws L5L5W5 [PCC, e0.49; P ¼
0.02], median laws S5L5L5 [PCC, 0.53; P ¼ 0.008],
skewness Haralick difference variance [PCC, e0.42; P ¼
0.04], and skewness Haralick inertia [PCC, e0.42; P ¼
0.04]), (3) hepatocyte growth factor and IRF texture-based
features (median laws S5L5L5 [PCC, 0.47; P ¼ 0.02]),
Figure 4. Box-and-whisker plots showing the (A) leakage shape feature median
and (C) the texture-based OCT feature median laws S5L5L5, which were found
The plot on the left and right corresponds to the feature values from the high
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and (4) TIMP-1 and IRF-based texture features (median
laws S5L5L5 [PCC, 0.41; P ¼ 0.004]).

The relationship matrix between cytokine levels and the
OCT features identified by bicluster 3 is illustrated in
Figure 2C. The strongest correlation was identified between
VEGF and an IRF texture feature (i.e., IRF medians laws
S5L5L5 [PCC, 0.63; P ¼ 0.0067]; Fig 3C). This texture
feature represents the Laws energy-based textural patterns
of spots in the horizontal direction and levels in the vertical
and diagonal direction using a convolution filter. As
observed from Fig 4C, this texture-based feature descriptor
is highly expressed for the high VEGF group. Scatterplots
depicting the association between VEGF and UWFA- and
OCT-based CIBs are presented in Figure 5. Scatterplots
showing the association between other cytokines and
UWFA- and OCT-based CIBs are presented in the
Supplemental Fig 1.
Discussion

This study investigated the link between aqueous humor
cytokine levels and therapeutic response to anti-VEGF
therapy for eyes with DME, as well as the biological
invariant moment 4, (B) vessel tortuosity feature variance of inclination,
to be strongly correlated with vascular endothelial growth factor (VEGF).
VEGF group (n ¼ 13) and low VEGF group (n ¼ 11), respectively.



Figure 5. Scatterplot visualizations showing the correlation between vascular endothelial growth factor (VEGF) and (AeE) ultra-widefield fluorescein
angiography (UWFA)-derived leakage shape-based computational imaging biomarkers (CIBs), (F) UWFA-derived vessel tortuosity-based CIB, and (GeI)
OCT-derived texture-based CIBs. b0, b1 ¼ regression or b coefficients; IRF ¼ intraretinal fluid; PCC ¼ Pearson correlation coefficient; RSE ¼ residual
standard error.
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underpinning of different UWFA- and OCT-derived CIBs
through correlation with the cytokine levels. Although
cytokines provide a direct measure of biologic activity, our
understanding of the link to clinical phenotype and pro-
gression of DME remains incomplete. Despite extensive
research on aqueous humor cytokines, substantial variations
exist in the results reported on the predictive response of
anti-VEGF therapy for patients with DME.5,21,22 In addi-
tion, findings reported on whether increased or decreased
aqueous humor VEGF level is associated with the treatment
response of anti-VEGF therapy are contradictory. Several of
the studies identified baseline differences between eyes that
are responders and nonresponders to anti-VEGF therapy,
whereas others did not.5,21 In a recent study,8 OCT-based
imaging biomarkers were correlated with both intraocular
cytokines and responsiveness to anti-VEGF therapy, which
suggested a possible link between imaging phenotypes and
underlying biological pathways as well as their potential
link to DME prognosis. Baseline concentrations of VEGF
and MCP-1 were also found to be associated with anatomic
response to anti-VEGF therapy. Two additional studies21,24

found higher concentrations of VEGF in responders to
7
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anti-VEGF therapy compared with nonresponders. In a
seemingly contradictory finding, a separate study identified
a statistically significant relationship between lower aqueous
humor VEGF concentration and long-term anatomic
response of eyes with DME treated with anti-VEGF ther-
apy.25 Kwon and Jee22 also did not identify baseline VEGF
as a predictive factor of anti-VEGF therapy. Given the
inconsistency, further investigation is needed to explore the
potential role of cytokines, including VEGF, in the patho-
genesis of DME that may clarify the discrepancies reported
in the literature. Further, current technologies require inva-
sive sampling and testing to identify a specific cytokine;
opportunities for noninvasive exploration of cytokine
expression, such as a surrogate imaging biomarker, could
have significant value.

Radiomics, the high-throughput automated extraction of
subvisual features from images, recently showed promising
results in disease prognosis and treatment response assessment
in various clinical domains as reported by our group and
others.26e28 Numerous previous studies demonstrated the ef-
fect of anti-VEGF therapy on retinal vasculature and leakage
patterns as well.29,30 These studies explored several
structural and morphologic characteristics of UWFA images
or OCT leakage in an attempt to understand the effect of
anti-VEGF on retinal fluid accumulation. In a recent study,14

quantitative vessel tortuosity metrics on UWFA images from
treatment-naïve eyes demonstrated the feasibility of
identifying rebounders (nonresponders) from nonrebounders
(responders) with dosing extension in the PERMEATE
clinical study.9,31 In addition, spatial arrangement of leakage
areas on UWFA was found to distinguish the nonresponders
from the responders.14 In a related study, features
quantifying proximity of each leakage foci to main retinal
vessels and the optical nerve were predictive of response
to anti-VEGF therapy.32 Establishing the molecular
underpinning of CIBs by identification of pathways
significantly associated with the imaging biomarkers may
help in predicting patient outcomes, alleviating treatment
burden, and increasing cost effectiveness and more
personalized treatment. Consequently, in this preliminary
study, assessment of the aggregation of patients with similar
morphologic and response attributes, as well as the
radiogenomic correlations between the leakage morphologic
and vessel tortuosity-based UWFA features and texture-
based compartmental radiomic descriptors of the OCT im-
ages with the cytokine pathways, was carried out to establish
their molecular and biological basis.

Patients with similar morphologic phenotypes and
response attributes were identified using biclustering. Three
biclusters were identified: 2 biclusters from the UWFA
features and 1 bicluster from the OCT features. Most of the
patients in the high VEGF group were found to be coclus-
tered in these 3 biclusters, which suggests that the eyes in
the high VEGF group have similar subvisual imaging phe-
notypes. In this report, the radiomic features that correlated
strongly with VEGF were descriptors of leakage shape,
vessel tortuosity, and IRF texture. This suggests that there
may be unique differences in the spatial arrangement of
leakage patterns between the eyes that are more likely to
respond to anti-VEGF therapy than those that do not. This
8

finding also corroborates previous related findings14 in
which leakage characteristics were found to be associated
with treatment response to anti-VEGF therapy. Higher dis-
order and more complex and twisted tortuosity patterns of
retinal blood vessels were observed for the eyes with high
VEGF, a known visual feature associated with VEGF levels.
This supports the notion that subtle variations may exist in
the local vessel orientations that may be implicated with
anti-VEGF treatment response and durability. This finding
also corroborates our previous finding14, in which inherent
difference in the local vessel tortuosity was observed
among the patients treated with anti-VEGF therapy.

Texture-based radiomics features pertaining to the IRF
subcompartment were highly correlated with VEGF level.
Higher expression of texture-based features (i.e., Laws en-
ergy descriptors) were found in the high VEGF group, sug-
gesting the presence of complex and convoluted architecture
in the texture of the IRF subcompartment with high VEGF,
whereas more homogeneity in the tissue morphologic fea-
tures is preserved for eyes with low VEGF. The strong cor-
relation between different cytokines and the UWFA feature
set and OCT feature set suggests that the effect of the cyto-
kines in the pathogenesis of DME and DR can be assessed by
analyzing multiple UWFA- and OCT-based CIBs.14,15

Although these preliminary results are promising, the
current study has a number of limitations that should be
discussed. An important limitation to recognize is the small
sample size (n ¼ 24). Additionally, given the complexity of
the biclustering-based assessment and the small number of
fellow eyes (n ¼ 4), intereye correlation was not able to be
considered, and a larger prospective dataset is needed to
validate these findings. That said, the scarcity and high-
value aspects of combined aqueous cytokine and high-
quality imaging are critical components of the value of
this analysis. Another limitation is that the impact of subtle
changes in segmentation is not clear, although our initial
studies seem to suggest that the features were resilient to
slight changes in the segmentation results. Nonetheless, this
is the novel study to look at this radiogenomic association in
the context of DME. Beyond demonstrating feasibility,
some extremely interesting associations were identified,
especially as they relate to the association of vascular
tortuosity-related features with VEGF levels and the likeli-
hood of response.

This preliminary report provided exciting evidence for
the presence of a strong link between VEGF levels and
retinal leakage morphologic features, vessel tortuosity, and
heterogeneity within the IRF compartments of the OCT
scans. This study further established the anatomicebiologic
bridge between underlying molecules and higher-order
radiomic features. With further validation, these radiomic-
based imaging biomarkers could potentially be used for
timely personalized disease characterization and treatment
management of DME.
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