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ARTICLE INFO ABSTRACT

Keywords: Background and objective: Intravitreal injection of anti-VEGF agents is the first-line treatment for
Intraocular inflammation patients with neovascular-age related macular degeneration (nAMD). One unique serious adverse
Radiomics

event that may be associated with these agents is intraocular inflammation (IOI). The main
purpose of this analysis was to evaluate the potential presence of texture-based radiomics features
characterizing heterogeneity within the vitreous compartment of spectral domain optical
coherence tomography (SD-OCT) images that may precede or develop in association with IOI and
might serve as OCT biomarkers for IOI.

Methods: This is a post-hoc analysis of a subset of cases (N = 67) involving I0I, endophthalmitis,
and/or retinal vascular occlusion in the phase 3 HAWK trial. These were investigator determined
diagnoses that were also confirmed by the safety review committee. Intraocular inflammation was
any signs of inflammation within the eye, endophthalmitis was inflammation associated with
presumed infection, and retinal vascular occlusions consisted of intraocular inflammation with
concurrent vascular occlusions/vasculitis. Out of 67 eyes, 34 belonged to the Safety group with an
I0I event and 33 were propensity-matched Controls. A total of 481 texture-based radiomics
features were extracted from the vitreous compartment of the SD-OCT scans at pre-IOI time point
(i.e., much earlier than the actual event). Most discriminating five features, selected by the
Wilcoxon Rank Sum feature selection were evaluated using Random Forest (RF) classifier on the
training set (S, N = 47) to differentiate between the two patient groups. Classifier performance
was subsequently validated on the independent test set (S;, N = 20). Additionally, the classifier
performance in discriminating the Control and Safety group was also validated on S; at the IOI
event timepoint.
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Results: The RF classifier yielded area under the Receiver Operating Characteristics curve (AUC)
of 0.76 and 0.81 on S; using texture-based radiomics features at pre-IOI and event time-point,
respectively.

Conclusions: In this analysis, the presence of a pre-IOI safety signal was detected in the form of
textural heterogeneity within the vitreous compartment even prior to the actual event being
identified by the investigator. This finding may help the clinicians to assess for underlying pos-
terior inflammation.

1. Introduction

Neovascular age-related macular degeneration (nAMD), the advanced form of macular degeneration, is characterized by the
growth of choroidal neovascularization that originate from the choroid and breaks through the sub-retinal pigment epithelium (sub-
RPE) space [1]. Vascular endothelial growth factor (VEGF) has been identified as the primary mediator involved in the pathogenesis of
nAMD with higher expression of VEGF reported in the RPE and pre-Inner Limiting Membrane (pre-ILM)/vitreous of the retina [2].
Intravitreal injections through the inhibition of anti-VEGF agents such as aflibercept (Eylea; Regeneron), ranibizumab (Lucentis;
Genentech), and bevacizumab (Avastin; Genentech) are currently the first-line standard for treatment of nAMD patients [3]. These
agents inhibit the growth of abnormal blood vessels and have demonstrated their efficacy with superior anatomic outcome by sub-
stantial reduction in intra-retinal fluid (IRF), sub-retinal fluid (SRF), central subfield thickness (CST) [4]. For the vast majority of
patients these therapeutics are very well tolerated with minimal side effect profile [5-7], however, a very small percentage of patients
develop intraocular inflammation (IOI), one of the rare but major adverse events associated with these drugs [3]. The inflammation
can result in the development of cellular debris within the vitreous compartment, the presence of which can lead to the formation of
floaters, which are small specks or threads that appear to float in front of the eye. The inflammation can also lead to more serious
complications, such as retinal vasculitis or macular edema. Developing computational imaging biomarkers (CIBs) characterizing the
potential presence of IOI signals that may precede or develop in association with IOI could be an important tool to identify eyes that are
at highest risk for developing IOI-related events and potentially prevent the clinicians to administer subsequent anti-VEGF injections
that could result in a more severe IOl event.

Spectral-domain optical coherence tomography (SD-OCT) is the gold standard imaging modality for the management of nAMD and
provides 3-dimensional (3D) imaging of intra-ocular tissue structures and retinal anatomy at micron resolution in a non-invasive way
[8]. The unique phenotypic capabilities of OCT have triggered the development of multiple analytic platforms that can provide better
understanding of ophthalmologic disease pathophysiology and differential therapeutic response. Radiomics-based characterization of
SD-OCT images is an emerging field in ophthalmology and provides novel interpretable ways of identifying sub-visual patterns,
features representing disease characteristics beyond human perception capacity [9]. Our group has been thoroughly investigating the
role of SD-OCT derived biomarkers in predicting anti-VEGF therapy treatment response for diabetic macular edema (DME), retinal vein
occlusion (RVO) and nAMD patients [10,11]. In a recent study, we have identified that the texture-based radiomics features char-
acterizing heterogeneity within the texture of fluid and retinal tissue compartments were associated to anti-VEGF therapy treatment
response prediction for DME and RVO [10]. We also performed longitudinal assessment of alterations in different texture-based
radiomics descriptors between baseline and post-treatment SD-OCT scans (delta-texture features) for nAMD patients and found that
the delta-texture features within sub-retinal hyper-reflective material (SHRM) were found to be most implicated in predicting ther-
apeutic response [11].

In terms of IOI assessment, the published literature focuses on the association between the different characteristic features of I10I
events and visual acuity (VA) loss [12], severity measurement and outcomes of IOI events [13], analysis of risk factors [14] and
pathogenic contribution of inflammation in AMD [15]. These studies provide useful insights on the pathogenesis and adverse effects of
inflammation, however, there is an unmet clinical need to identify the eyes who are likely to develop inflammation in the future. This
could help the clinicians for future risk stratification of anti-VEGF drugs and prevent subsequent doses of anti-VEGF injection that
could result in a more severe IOI response. OCT-based assessment of IOI may be characterized by vitreous cell/debris and potentially
preretinal hyperreflective foci (PHF) within the vitreous compartment (i.e., pre-ILM) of SD-OCT scans. In the present study, we hy-
pothesized that substantial variation within the texture of the vitreous compartment may exist between the patients who developed
inflammation and who did not (i.e., Controls) due to the presence of hyperreflective deposits and PHF; radiomics-based character-
ization of the vitreous compartment may provide early signals of adverse events and more granular insight into the effect of anti-VEGF
drugs.

With this aim in mind, we extracted different texture-based radiomics features characterizing heterogeneity within the pre-ILM/
vitreous compartment from SD-OCT scans at pre-IOI event timepoint. The most discriminating features were selected using feature
selection and used to train a Random Forest (RF) classifier on the training set (S,) to discriminate between the IOI and Control group
and classifier performance was subsequently validated on the test set (S).
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2. Methods
2.1. Study description and patient selection

HAWK [16] was a double-masked, multicenter, active controlled randomized phase 3 trial that compared the efficacy of aflibercept
and brolucizumab in treating nAMD. The principles of the Declaration of Helsinki, International Conference on Harmonization E6
Good Clinical Practice Consolidated Guideline, and other regulations as required were followed to conduct the study. The study was
also compliant with the Health Insurance Portability and Accountability Act of 1996. Written informed consent from all the patients
were collected prior to screening or any study related procedure started. Macular cube scans focusing the foveal center point were
obtained at each visit using SD-OCT, either with a Spectralis (Heidelberg) or Cirrus (Zeiss) system.

As part of post hoc review of clinical data [17], an independent Safety Review Committee (SRC), supported by Novartis Pharma AG,
images were reviewed frame by frame for specific features prior to or during the IOI event. The SRC reviewed data from cases of
investigator-reported IOI (30/1088 brolucizumab-treated eyes; 4/729 aflibercept-treated eyes) from the HAWK study and analyzed
the presence of safety signal in their respective OCT scans and identified investigator-reported cases of IOI, retinal arterial occlusion
and endophthalmitis. These were investigator determined diagnoses that were also confirmed by the safety review committee.
Intraocular inflammation was any signs of inflammation within the eye, endophthalmitis was inflammation associated with presumed
infection, and retinal vascular occlusions consisted of intraocular inflammation with concurrent vascular occlusions/vasculitis. In
addition to the SRC identified IOI eyes, 34 eyes were identified as propensity-matched Controls. At the same time, the subject
self-reported an adverse event of “vitreous floaters” that was logged as part of the study. Given the reported adverse event and the
SD-OCT findings, this was determined to likely be an undetected IOI episode and this subject was excluded as a Control. One eye out of
34 Controls (3 %) demonstrated PHF and vitreous debris on OCT scans and was excluded from the present study.

The Cole Eye Institute, Cleveland Clinic performed an initial qualitative OCT inspection, 20 out of 34 eyes from the IOI group (59
%) demonstrated PHF and/or vitreous debris (11 eyes with PHF and/or vitreous debris at event time-point and 9 eyes with PHF and/or
vitreous debris at prior-to-event time-point). The rest 14 eyes (41 %) did not have PHF and/or vitreous debris. Eight of these 14 eyes
developed the most severe IOI-related adverse events: retinal vasculitis (RV) and retinal vascular occlusion (RO). The initial
comparative qualitative assessment of the eyes used in the study is presented in Fig. 1.

2.2. Segmentation of vitreous compartment
The Cole Eye Institute, Cleveland Clinic performed a post hoc analysis of the OCT scans to segment fluid, retinal layers (Inner

Limiting Membrane [ILM], Bruch’s Membrane [BM], Retinal Pigment Epithelium [RPE]) using a proprietary multilayer segmentation

Patient Cohort:
(N=68)

Excluded

Eye demonstrated
PHF and/or vitreous
debris

(N=1, 3%)

Eyes demonstrated
PHF and/or vitreous
debris

(N=20, 59%)

Eyes demonstrated PHF | Eyes demonstrated PHF
and/or vitreous debris | and/or vitreous debris

at Time of event

at prior to event

(N=11) (N=9)

Eyes defined as having [l Eves defined as having

101 + RV/RO
(N=8, 72%)

101 + RV/RO
(N=7, 72%)

Eyes did not have the
presence of PHF
and/or vitreous debris
(N=14, 41%)

Eyes defined as having
101 + RV/RO

(N=8, 57%)

Fig. 1. Initial Comparative Qualitative Assessment of the Study Eyes: SRC performed an independent unmasked post hoc review of all cases of
investigator-reported IOI, retinal vascular occlusions and endophthalmitis in the phase 3 HAWK study. 34 eyes were identified to have IOI by the
SRC. SRC, Safety Review Committee; I0], intraocular inflammation; OCT, optical coherence tomography; PHF, preretinal hyperreflective foci; RV,
retinal vasculitis; RO, retinal vascular occlusion.
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software/tool (developed by Cleveland Clinic) [18]. The pre-ILM region was segmented as vitreous compartment. The software/tool
implemented image processing, machine learning (ML), and logic in an integrated platform for the segmentation followed by review of
the segmentation lines by trained experts. The expert readers ensured segmentation accuracy by correcting the segmentation lines in
standardized reading environment. For any given eye, all time points were evaluated by the same human reader. This other way
ensured minimal inter-reader and inter-timepoint variability. Finally, the scans were evaluated by the experienced senior analyst for
consistency and segmentation accuracy [17-19].

2.3. Radiomics feature extraction

We defined the sub-volumes corresponding to the vitreous compartment segmentation as I, from the image I. From every voxel
within ¢, € {I,}, a set of 481 3-dimensional (3D) texture-based radiomics features (F,) were extracted. The features within F, belonged
to the Haralick [20], Laws [21], Gabor [22] and CoLlage [23] feature family based on our previous work [10,11] demonstrating their
promise in predicting therapeutic response for DME, RVO and nAMD patients. The detailed description of F, is summarized in Sup-
plemental Section I. For each feature within F,, statistics of median, variance, skewness, and kurtosis were computed from the feature
responses of all voxels within the region of interest and a total of 1924 statistical features were obtained. All the feature values were
normalized with a zero mean and a standard deviation of one. Spearman’s rank correlation test [24] that is robust to outliers and
quantifies monotonicity was performed to compute Spearman correlation co-efficient (SCC) and the associated p-value for each pair of
features. For any feature pair with SCC>0.8, the feature with higher p-value was pruned to eliminate redundant features. To control for
the false discovery rate (FDR), the Benjamini and Hochberg method [25] was used to adjust the p values and features with p-val-
ue<0.05 was considered to be statistically significant.

2.4. Statistical analysis

The entire cohort of 67 patients was randomly divided into a training set (S, N = 47) and a test set (S;, N = 20) ensuring balance in
the number of Controls and Safety patients within each set. S, comprised of 23 Controls and 24 patients from Safety group and S;
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Fig. 2. Diagram of the Overall Radiomic Pipeline. (a) SD-OCT scans were retrospectively collected. (b)Segmentation of pre-ILM/vitreous compartment
using an ML based multi-layer segmentation platform OCTViewer. (c) Texture-based radiomic feature extraction (d) Wilcoxon-Rank Sum feature selection
was used to select the top five features to train a RF classifier on S (N=47). (e) Classifier performance (in terms of AUC) was validated on 20 patients in S,.
2D scatter plot between the topmost two features show clear separation between the two groups of patients. SD-OCT, Spectral Domain-Optical Coherence
Tomography; ILM, Inner Limiting Membrane; ML, Machine Learning, RF, Random Forest; AUC; Area under Receiver Operating Characteristics Curve.
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included 10 Controls and 10 patients from Safety group.

In the present study, to determine the features within F; that best discriminated between the Control and Safety group at pre-IOI
timepoint, the most discriminating set of radiomic features were selected from F; by the Wilcoxon Rank Sum feature selection method.
To reduce the likelihood of over-fitting the predictive model to S, the top five (roughly one tenth of the number of samples) most
frequently selected features from one thousand repetitions of three-fold cross-validation (CV) were identified based on voting across all
repetitions of CV. In each repetition of CV, classification performance of the selected features was quantified using a RF classifier on S.
The RF model (M) performance was subsequently validated on S; using the area under receiver operating curve (AUC) metric. The
other performance metrics included accuracy (ACC), sensitivity and specificity. Similarly, we evaluated the performance of M, on S; to
distinguish the two groups of patients at event timepoint.

To further investigate the generalizability of the developed radiomic model, we also evaluated the performance of M in
discriminating Control group from the more adverse event group with RV/RO at both the pre-IOI and event timepoints. Fig. 2 (a-e)
shows the overall radiomic pipeline comprising radiomic feature extraction, feature selection followed by classification and validation.

3. Results
3.1. Patient characteristics
Based on the absence/presence of an inflammatory safety signal within the Phase IIl HAWK clinical trial, patients were categorized

as Control (N = 34) and Safety (N = 34). One patient in the Control group was excluded due to presence of PHF and/or vitreous debris
on OCT scans.

3.2. Distinguishing Control and Safety group based on texture-based radiomic features at pre-IOI and event timepoint

The most discriminating texture-based radiomic features that favorably distinguished between Control and Safety group of patients
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Fig. 3. Visualization of the Feature Map for the Most Discriminating Feature ‘median-Laws L3S3L3’ within the pre-ILM/Vitreous
Compartment: (a), (c) Original Control Images; (b), (d) Feature map for ‘median-Laws L3S3L3’ feature for (a) and (c), respectively; (e), (g)
Original Safety Images; (f), (h) Feature map for ‘median-Laws L3S3L3’ feature for (e) and (g), respectively. (i), (j) Zoomed-in version of (f) and (h),
respectively. The PHF and vitreous debris are highly expressed as reflected by the warmer color tones of the heatmap compared to the rest of the
vitreous compartment with lower feature expression (reflected by cooler color tones), PHF, Preretinal Hyperreflective Foci. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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are ‘median-Laws L3S3L3’, ‘skewness-Laws S3S3L3’, ‘median-Laws E3L3L3’, ‘median-Laws S3L3L3’ and ‘kurtosis-Gabor XY-0 = 0.000,
XZ-6 = 0.000, A = 2.668, BW = 1°. The topmost discriminating Laws energy feature ‘median-Laws L3S3L3’ captures the textural
patterns of levels (L) in both horizontal and diagonal direction and spots (S) in vertical direction, using a 3 x 3 x 3 convolution filter.
Fig. 3 (a, c, e, g) are the original images; . Fig. 3 (b, d, f, h) present the vitreous compartment feature map of Laws L3S3L3 feature for
two cases of Control and Safety patients. The feature expression of the vitreous compartment is found to be low for both the Control and
Safety patients. However, higher order of feature expression within the PHF (Fig. 3(f)) [zoomed-in Fig. 3(i)] and vitreous debris (Fig. 3
(h)) [zoomed-in Fig. 3(j)] is observed for the Safety patients, reflective of higher order of heterogeneity within the PHF and vitreous
debris.

The box and whisker plot of the topmost two features ‘median- Laws L3S3L3" and ‘skewness-Laws S3S3L3’ are presented in Fig. 4(a)
and Fig. 4(b), respectively. Statistically significant difference between the 2 groups of patients were observed for both the features with
p-value of 7.2904e-09 and 9.3253-07, respectively. The 2-D scatter plot of Control and Safety within S is plotted in the space of the
top two most discriminating texture features is presented in Fig. 4(c).

Using the most discriminating five features from F,, M,s yielded an AUC of 0.95 + 0.03 on S and AUC of 0.76 (95 % Confidence
Interval [C-I]: 0.6, 0.85) on S; at pre-10I timepoint. The corresponding ACC, sensitivity and specificity values are 88 %, 76 % and 100
%, respectively. We also validated M,; performance on S, to distinguish between Control and Safety patients at the event timepoint. The
corresponding AUC, ACC, sensitivity and specificity values were 0.81 (95 % Confidence Interval [C-1]:0.67, 0.9), 60 %, 60 % and 60 %,
respectively.

3.3. Distinguishing control and RV/RO group based on texture-based radiomic features at pre-IOI and event timepoint

In the present study we also validated the performance of M, in discriminating the most adverse group of patients with RV/RO. M,¢
yielded AUC of 0.74 (95 % Confidence Interval [C-I]:0.51,0.98) and ACC, sensitivity and specificity of 0.6, 0.6, and 0.7, respectively on
S; at pre-10I time-point and AUC of 0.8 (95 % Confidence Interval [C-I]: 0.61,0.98) and ACC, sensitivity and specificity of 0.69, 0.75,
and 0.7, respectively at the event time-point.

4. Discussion

Intravitreal injections of anti-vascular endothelial growth factors (anti-VEGF) are the first line of therapy for neovascular age
related macular degeneration (nAMD). VEGF plays an important role in the pathogenesis of neovascularization and associated
exudation [26]. Anti-VEGF agents (e.g., aflibercept, ranibizumab, bevacizumab, brolucizumab, faricimab) suppress VEGF activity and
exudation and improving visual acuity (VA) in nAMD [27]. These drugs are generally well tolerated. However, a certain number of
eyes develop intraocular inflammation (IOI) secondary to anti-VEGF therapy [3] and are at increased risk of VA loss. Identification of
eyes at-risk for developing IOI related events could help clinicians for risk stratification of IOI at early stage.

Multiple studies have demonstrated the potential of using artificial intelligence (AI) based models to utilize OCT signatures and
features for multiple valuable uses, such as monitoring disease activity and patient management, classifying AMD from OCT images
and identifying biomarkers predictive of treatment response are not only sufficient. Most of the studies available in literature mainly
focus on developing Al models for classification and quantification of nAMD features such as intra-retinal fluid (IRF), sub-retinal fluid
(SRF), pigment epithelium detachment (PED); identifying predictive biomarkers associated with anti-VEGF therapy treatment
response for nAMD and predicting disease progression using Al. The presence of IRF/intraretinal cysts (IRC) at baseline and during
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Fig. 4. (a), (b) Box and Whisker plots showing distribution differences for the two best discriminating features between Control and Safety group. The plot on
the left corresponds to the feature values for Control (N=23) and that on the right corresponds to the feature values for the Safety (N=24) group within S,,.
(c) A 2-D scatter plot of Control (blue dots) and Safety (red dots) within Sy is plotted in the space of the top two texture features (‘median- Laws L3S3L3’ and
‘skewness-Laws S3S3L3’). The black line was identified as the optimal linear boundary separating the Control from the Safety group within Sy Sy, training
set. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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anti-VEGF treatment regimen has been found to be associated with VA [28,29]. A significant positive correlation between SRF width
and best corrected VA (BCVA) was reported by Segal et al. [30]. As reported by Casalino et al. [31], the presence of subretinal
hyperreflective material (SHRM) at baseline was found to be strongly associated with poorer BCVA compared with eyes without SHRM
[31]. Ehlers et al. [17] explored longitudinal assessment of retinal fluid dynamics and total retinal fluid indices in characterizing
disease activity in nAMD. Based on the improvement in EZ integrity, reduction in SHRM volume, and reduction in sub-retinal pigment
epithelium (RPE) disease burden over the first year of anti-VEGF treatment to nAMD eyes as reported in Ref. [32], EZ integrity
measures and SHRM volume could be used as predictors of VA. Mantel et al. [33] identified certain aqueous humor molecular bio-
markers that were differentially expressed between incomplete responders of anti-VEGF therapy in comparison to nAMD patients with
optimal responses. All of these studies serve as an important proof of concept and are helpful in guiding future optical coherence
tomography (OCT) imaging analyses, however, for monitoring disease activity and patient management, classifying AMD from OCT
images and identifying biomarkers predictive of treatment response are not only sufficient. Developing Al models to identify eyes who
are likely to develop adverse events such as IOI and retinal vasculitis secondary to anti-VEGF drugs in future and have increased risk of
VA loss is also equally important. This would truly aid the clinicians in better monitoring of disease course and anti-VEGF drug
administration process.

In the initial phase of this analysis, we identified certain texture based radiomics features characterizing heterogeneity within the
vitreous compartment that best discriminated between Control and Safety group of patients. The most discriminating features were
used to train a machine learning model (M) to distinguish between the two groups of patients on the training set (S;-) and validated on
the independent test set (S,). In the second phase of the study, we tested the efficacy of My in discriminating between control and the
more adverse sub-group of patients with retinal vasculitis/retinal vascular occlusion (RV/RO). Laws texture-based features were found
to be differentially expressed between the patient sub-groups. Higher feature expression was observed within the vitreous debris and
the pre-retinal hyper-reflective foci (PHF) for the patients from Safety group. Laws texture features capture patterns of edges, waves,
ripples and spots that are most likely being reflected in the form of heterogeneity (such as abrupt changes in edges, ripples and intensity
smoothness) within the texture of PHF and vitreous debris. This might be linked to the intricate textural discrepancy within the
vitreous associated with the development of inflammation.

The novelty of the present work lies in the ability of the developed model (M) to identify eyes that are most likely to develop
inflammation in due course of treatment at pre-IOI timepoint, i.e., prior to the actual clinical event. In other words, even if the actual
event is late, the radiomics based characterization of the vitreous compartment could identify early signal of adverse events that could
help the clinicians assess underlying posterior inflammation and subsequent doses of anti-VEGF injection may be ceased. With this
respect, this is very important since this could potentially help the clinicians in early stratification of IOI risk and treatment decision
making.

5. Limitations of the study

The present study had limitations that must be acknowledged. The Safety Review Committee (SRC) only reviewed cases for which
the investigators reported incidence of I0I, endophthalmitis, and retinal arterial occlusion; these cases tended to have more imaging
available around the time of the event. However, the actual event rate may have been higher than reported by the investigators,
particularly for the cases which had minimum symptom or no symptoms. This analysis was limited to treatment-naive patients; no
conclusions can be drawn relating to the incidence of these adverse events in patients with a history of anti-VEGF therapy. Further
rigorous analysis of the identified biomarkers is required to explore their association with the inflammation on other datasets. Also, a
detailed analysis of the sensitivity of the segmentation software needs to be addressed. Additionally, this analysis was limited to
incorporating SD-OCT imaging information. The addition of multi-modal data, such as fluorescein angiography and fundus photog-
raphy, might provide greater performance. However, given that SD-OCT is the gold standard imaging modality for nAMD there is a
significant advantage to the simplicity of only needing that imaging modality for model performance.

6. Conclusion

In this preliminary discovery evaluation in the HAWK dataset, we investigated the role of computer-extracted OCT-derived texture-
based radiomic features in discriminating the eyes with likelihood of inflammation development in nAMD. The major findings of the
study are the identification of certain texture features that favorably distinguished between the Control and Safety group of patients.
With further validation from multi-institutional datasets, these features could be potentially used for image characterization and early
stratification of IOI risk in enhanced precision medicine for the management of nAMD patients.
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