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ABSTRACT 45 
 46 
Purpose: To evaluate the predictive utility of quantitative imaging biomarkers, acquired 47 
automatically from optical coherence tomography (OCT) scans, of cross-sectional and 48 
future visual outcomes of patients with neovascular age-related macular degeneration 49 
(AMD) starting anti-vascular endothelial growth factor (VEGF) therapy. 50 
 51 
Design: Retrospective cohort study. 52 
 53 
Participants: Treatment-naïve, first-treated eyes of patients with neovascular AMD 54 
between 2007 and 2017 at Moorfields Eye Hospital (a large, UK single-centre) 55 
undergoing anti-VEGF therapy 56 
 57 
Methods: 58 
Automatic segmentation was carried out by applying a deep learning segmentation 59 
algorithm to 137,379 OCT scans from 6467 eyes of 3261 patients with neovascular 60 
AMD. After applying selection criteria 926 eyes of 926 patients were taken forward for 61 
analysis.  62 
 63 
Main outcome measures: Correlation coefficients (R2) and mean absolute error (MAE) 64 
between quantitative OCT (qOCT) parameters and cross-sectional visual-function. The 65 
predictive value of these parameters for short-term visual change i.e. incremental visual 66 
acuity [VA] resulting from an individual injection, as well as, VA at distant timepoints (up 67 
to 12 months post-baseline). 68 
 69 
Results:  70 
VA at distant timepoints could be predicted: R2 0.79 (MAE 5.0 ETDRS letters) and R2 71 
0.63 (MAE 7.2) post-injection 3 and at 12 months post-baseline (both p < 0.001), 72 
respectively. Best performing models included both baseline qOCT parameters and 73 
treatment-response. Furthermore, we present proof-of-principle evidence that the 74 
incremental change in VA from an injection can be predicted: R2 0.13 (MAE 5.6) for 75 
injection 2 and R2 0.07 (MAE 5.0) for injection 3 (both p < 0.01). 76 
 77 
Conclusions:78 
Automatic segmentation enables rapid acquisition of quantitative and reproducible OCT 
biomarkers with potential to inform treatment decisions in the care of neovascular AMD. 
This furthers development of point-of-care decision-aid systems for personalized 
medicine.
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INTRODUCTION 
Neovascular age-related macular degeneration (AMD) is a leading cause of 

central vision loss in the developed world,1,2 but its visual prognosis can be substantially 
improved with anti-angiogenic treatment.3-4 Treatment regimens have generally evolved 
from fixed monthly injections to more proactive protocols that balance treatment burden 
against efficacy - the most commonly adopted being the “treat-and-extend” regimen.5-6 
Here, treatment intervals are informed by presence of exudative disease activity, 
determined by regular, qualitative assessment of optical coherence tomography (OCT) 
imaging specific anatomical biomarkers, as recommended by ophthalmology bodies.7–9 
Large-scale studies have demonstrated that manual, qualitative characterisation of 
retinal structures (such as intraretinal fluid [IRF], subretinal fluid [SRF] and pigment 
epithelial detachment [PED]) correlate with treatment response.10,11 Manual efforts on 
small cohorts have shown that further characterisation of these variables - segmenting 
and quantifying the volume (i.e. transforming the variable from categorical to 
continuous) - confers greater predictive value.12 However, manual characterisation of 
these features, even in a qualitative way (i.e. the binary assessment of presence or 
absence), is time-consuming and prone to substantial inter-grader variability.13 This 
exposes clinical decisions to variation that is likely unwanted in both real-world care and 
clinical trial settings.14,15  

A promising advance is the use of artificial intelligence to develop algorithms that 
automatically process volumetric OCT scans of the retina, quantifying each of its 
anatomical constituents in three-dimensions thus providing quantitative OCT (qOCT) 
parameters.16–18 Although not yet established in clinical practice, automatic qOCT 
generates rapidly-accessible, objective data and is thus ideally suited to identifying and 
evaluating the utility of anatomical biomarkers for diagnosis and prognosis. That is, key 
disadvantages of manual segmentation are overcome: potential measurement bias, 
examiner variability and the inherently labour-intensive process that limits both study 
sample size and clinical applicability.  

In this study, we apply a deep learning segmentation algorithm to a real-world 
dataset comprising 137,379 OCT scans of 6467 unique eyes (3261 patients) with 
neovascular AMD undergoing anti-VEGF therapy. The prognostic value of the qOCT 
biomarkers for disease activity and treatment-response was evaluated to explore their 
utility for individualized patient injection schedules. Moreover, our dataset and analyses 
will be deidentified and made available through an open-source digital repository to 
enable independent replication of our results and permit follow-up analyses by other 
research groups.  
 
  

https://paperpile.com/c/z17slV/GOrI+nQGd
https://paperpile.com/c/z17slV/NTgg
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https://paperpile.com/c/z17slV/wXPa+fwvn+Lghj
https://paperpile.com/c/z17slV/HeXT+x3NL
https://paperpile.com/c/z17slV/m3vD
https://paperpile.com/c/z17slV/eMYW
https://paperpile.com/c/z17slV/sdOG+pkUs
https://paperpile.com/c/z17slV/m1pO+wx3a+xWPK


 

4 

METHODS 
Study design, setting and cohort selection  

This study was designed as a post hoc analysis of real-world data obtained 
prospectively during the clinical care of patients with the Moorfields Eye Hospital (MEH) 
AMD database. MEH is a tertiary referral center for eye diseases in the United Kingdom 
and maintains an OCT database of routinely collected data from patients with 
neovascular AMD that started anti-angiogenic therapy between 2007 and 2017. The 
database consists of demographic (age, gender and ethnicity) and clinical features. 
Selection criteria, patient demographics and clinical characteristics of 8174 eyes of 
6664 patients with 120,756 treatment episodes from this database has been reported by 
Fasler and colleagues in 2018.19 Each treatment episode is associated with at least one 
retinal OCT scan (and, in the case of duplicate scans, the one with fewer artefacts was 
included).  

Here we selected all first-treated eyes of the MEH AMD dataset that had 
completed the induction phase of anti-VEGF therapy appropriately (i.e. received the first 
3 injections with intervals between each injection shorter than 60 days) and had VA and 
injection data recorded at each visit within the induction phase. In cases of 
simultaneously treated eyes, one was selected randomly. If OCT data were missing at 
baseline, scans acquired within 14 days prior to the baseline were used instead. 
Patients were started on a modified treat-and-extend regimen19 with either aflibercept 
(828 patients; 89%) or ranibizumab (98 patients; 11%) This research project was 
conducted in accordance with the research protocol and the Declaration of Helsinki.20,21 
 
Datasource 

This study utilises a deep learning model to segment retinal layers and fluid from 
OCT scans.17 The segmentation deep learning model classified each voxel as either: 
epiretinal membrane, neurosensory retina, retinal pigment epithelium (RPE), drusenoid 
pigment epithelium detachment (PED), serous PED, fibrovascular PED, SRF, IRF, 
subretinal hyperreflective material (SHRM), hyperreflective foci (HRF), choroid and 
beyond, vitreous and subhyaloid space, posterior hyaloid, or artefacts. Serous PED, 
fibrovascular PED and drusenoid PED were summed and considered as a collective 
feature - PED. Each of these retinal structures was extrapolated from 6x6 mm 3DOCT-
2000 (Topcon Corp., Tokyo, Japan) macula-centered OCT scans into quantitative 
(qOCT) values, which were presented as volumetric measurements in mm3 or µl. This 
has been previously detailed [Moraes et al. Manuscript under review]. Briefly, the 
segmenting deep learning algorithm extracts voxels that each correspond to a volume 
of 2.60 μm (A-scan) x 11.72 μm (B-scan) x 47.24 μm (C-scan direction). An example of 
a B-scan segmentation is depicted in Figure 1a.  
 
Prediction of visual outcomes 
 Qualitative studies have reported associations between retinal structures and 
disease activity in AMD.12,22,23 Based on these publications, the following structures 
featured in our automatic segmentation algorithm were selected as candidate qOCT 
biomarkers: RPE, IRF, SRF, PED, SHRM and HRF. They were each considered as 
independent variables for three distinct VA outcomes as dependent variables (Figure 
1b): (i) the relationship between qOCT biomarkers and VA acquired at the same 

https://paperpile.com/c/z17slV/3EQ7
https://paperpile.com/c/z17slV/3EQ7
https://paperpile.com/c/z17slV/lOsi+pKkV
https://paperpile.com/c/z17slV/wx3a
https://paperpile.com/c/z17slV/6tRI+m3vD+D12M
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timepoint (e.g. volume of RPE at month 12 and VA at month 12). This cross-sectional 
correlation effectively evaluates the association between retinal structure and visual 
function at the same point in time. timepoints considered were baseline (immediately 
prior to starting anti-VEGF therapy), post-injection 1, post-injection 2, post-injection 3 
and 12 months after baseline. (ii) The predictive value of qOCT biomarkers for VA at 
future timepoints: post-injection 2, post-injection 3 and 12 months post-baseline. (iii) The 
incremental change in VA following the second or third injections.  

Injections 1, 2 and 3 were given at baseline, 1 month post-baseline and 2 months 
post-baseline, respectively. Resultant VAs were measured 30 to 60 days afterwards i.e. 
just prior to the subsequent injection. Incremental change was calculated by subtracting 
pre-injection VA from resultant VA, i.e. VA[month 2] - VA[month 1] for the second injection 
and VA[month 3] - VA[month 2] for the third. For visual outcomes (ii) and (iii), additional 
independent variables capturing treatment-response to previous injections were also 
considered. These were the incremental visual (VA) and morphometric (qOCT 
biomarkers) changes resulting from each of the preceding induction injections. For 
instance, treatment-response to injection 2 was included as VA[month 2] - VA[month 1] and 
qOCT biomarker[month 2] - qOCT biomarker[month 1] (e.g. IRF[month 2] - IRF[month 1] ).  

Each of the visual outcomes above was considered as a continuous dependent 
variable, wherein the coefficient of determination (R2) was computed by ordinary least 
squares regression and was reported from 100-fold bootstrapped models. For visual 
outcome (ii), binomial non-linear logistic regression was also used to model the VA > 70 
and < 35 ETDRS letter thresholds at the timepoint following injection 3 and at 12 
months post-baseline. Performance was reported using 2-fold cross-validated AUC 
estimates. These were multivariable regressions including each of the qOCT 
biomarkers and VA. Notably, demographic data were not included.  
 
Statistical analysis 

All data analyses were carried out using R (https://www.r-project.org/) provided in 
the public domain by R Core team 2020 R Foundation for Statistical Computing, Vienna, 
Austria.24 Statistically and clinically significant methods were identified as grouping 
variables for each visual outcome. Calculated means in text and figures are expressed 
with ± error standard deviation, unless otherwise specified. P-values < 0.05 were 
considered significant.  

 
 

Data sharing statement 
A deidentified version of our dataset and its analysis in step-by-step R code will 

be made available in an open-source digital repository to permit transparency and 
replication of our results. Data available from the Dryad Digital Repository: 
https://doi.org/10.5061/dryad.573n5tb5d 

 
  

https://www.r-project.org/
https://paperpile.com/c/z17slV/wKCU
https://doi.org/10.5061/dryad.573n5tb5d
https://doi.org/10.5061/dryad.573n5tb5d
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RESULTS 
Study cohort demography 

The study cohort comprised 926 treatment-naive eyes (of 926 patients) that 
received the three initial anti-VEGF injections of the induction period and were followed 
up at 12 months (study flow depicted in Supplementary Figure 1). Mean age at 
treatment initiation was 78.9 ± 8.68 years and the majority were female (541; 58.4%) 
and Caucasian (492; 53.1%) (Table 1a). 
 
Cross-sectional structure-function correlation between retinal tissue volumes and visual 
acuity 

 Visual acuity data in the form of ETDRS letters and OCT scans were recorded at 
baseline (timepoint immediately prior to first injection), post-injection 1, post-injection 2, 
post-injection 3 and 12 months post-baseline for all patients (Figure 2, Supplementary 
Table 1a). From a total of 4630 OCT scans, the volumes of retinal layers (IRF, SRF, 
PED, SHRM, HRF and RPE) were automatically acquired as morphometric qOCT 
parameters. As expected, the largest increase in mean VA was observed following the 
first injection, with smaller changes seen after each subsequent injection. Similarly, the 
greatest morphometric changes were observed following the first injection, with smaller 
subsequent changes. 

For each timepoint, a cross-sectional correlation was performed between all 
variables, including the qOCT biomarkers and VA. For all timepoints, significant 
correlations were observed between the biomarkers and VA (R2 = 0.11 to 0.17 with 
mean absolute error [MAE] of 11.0 to 11.9 ETDRS letters, p < 0.001; Table 2). The 
qOCT biomarkers demonstrating the most consistently negative correlations were 
SHRM and IRF (Supplementary Table 2). At baseline, every 7.0 ± 0.8 mm3 (p < 0.001) 
of SHRM and 12.6 ± 1.7 mm3 (p < 0.001) of IRF predicted one fewer ETDRS letter. 
Conversely, RPE volume was the variable with the most consistent positive correlation 
(Supplementary Table 2). At baseline, each additional RPE volume increase of 33.9 ± 
6.7 mm3 (p < 0.001) was associated with one more ETDRS letter. These results indicate 
that automatically obtained qOCT data can represent some of the morphometric 
parameters underlying visual function prior to and at any given point during treatment. 
 
Predictive baseline and treatment-response parameters of visual outcome 

We next evaluated the potential of qOCT parameters to predict future visual 
outcomes, namely VA post-injection 2, post-injection 3 and at 12 months post-baseline 
(considered separately). Baseline qOCT parameters alone were able to predict future 
VA with R2 accuracy of 0.15 (MAE 14.1 letters), 0.16 (MAE 14.1 letters) and 0.14 (MAE 
12.1 letters) for VA post-injection 2, post-injection 3 and at 12 months post-baseline, 
respectively (Table 3). Predictive accuracy increased markedly following the addition of 
baseline VA as an independent covariate. Also, predictive accuracy was greater in 
models with both baseline qOCT parameters and VA(R2 0.53 [MAE 8.0 letters], 0.49 
[MAE 8.4] and 0.36 [MAE 9.9], respectively) than models with baseline VA alone (R2 
0.52 [MAE 8.0 letters], 0.47 [MAE 8.5] and 0.34 [MAE 10.2], respectively). Critically, the 
greatest accuracies were attained (R2 0.72 [MAE 5.5 letters], 0.79 [MAE 5.0] and 0.63 
[MAE 7.2], respectively) when the predictive models also included previous treatment-
response, i.e. incremental changes in VA and qOCT parameters resulting from each of 
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the previous induction injections. For predicting VA post-injection 2 and 3, the most 
predictive variable was baseline VA, followed by incremental VA changes from 
preceding treatment (Supplementary Table 3). The most predictive variables of the 
qOCT biomarkers were RPE, IRF and SHRM. 

We next assessed the value of these parameters in predicting clinically 
significant VA thresholds (VA > 70 and VA < 35 ETDRS letters) following injection 3 and 
at 12 months post-baseline. A regression model based on baseline qOCT biomarkers 
only reached an AUC of 0.69 (95% CI 0.64 - 0.74) in predicting VA > 70 and of 0.68 
(95% CI 0.58 - 0.79) in predicting VA < 35 post-injection 3 (Figure 3a). Predictive 
performance for both tasks increased with the addition of baseline VA (VA > 70: AUC 
0.84 [95% CI 0.80 - 0.87]; VA < 35: AUC 0.79 [95% CI 0.71 - 0.88]). Highest predictive 
performance was achieved when incorporating visual and morphometric responses to 
each of the preceding anti-VEGF injections (VA > 70: AUC 0.93 [95% CI 0.90 - 0.95];  
VA < 35: AUC 0.90 [95% CI 0.83 - 0.96]. A similar trend was observed when modelling 
VA at month 12 (VA > 70: AUC 0.87 [95% CI 0.84 - 0.91]; VA < 35: AUC 0.86 [95% CI 
0.80 - 0.92] (Figure 3b). 
 
Prediction of incremental VA change resulting from treatment 

Given that future VA outcomes during anti-VEGF therapy can be predicted, we 
also interrogated whether the incremental VA change resulting from a single anti-VEGF 
injection could also be modelled. Injections 2 and 3 were selected for the following two 
reasons. Although the observed mean incremental changes following injections 2 and 3 
were low (2.2 ± 8.4 letters and 0.2 ± 7.4 letters, respectively; Table 1b), the distribution 
of incremental VA changes was wide, non-normal (Figure 2c; Shapiro-Wilk test p < 
0.001) and featured clinically relevant changes (> 5 letters)25,26 in more than 38% of 
cases (Table 1b). Second, standardisation of the induction injection regimen allows 
injection-number and -interval variability to be controlled for at these timepoints.  

Baseline parameters alone were not predictive of the incremental VA change 
following injections 2 and 3 (Table 4). However, inclusion of baseline VA and treatment-
response to preceding injections yielded greater predictive accuracy and statistical 
significance (post-injection 2: R2 0.13 MAE 5.6 letters; post-injection 3:  R2 0.07 MAE 
5.0 letters), albeit with overall low performance (Table 4). VA responses to previous 
injections were more predictive than baseline VA (Supplementary Table 3). Similarly, 
morphometric responses following the most recent anti-VEGF injections (namely 
SHRM, IRF and RPE) were more important features than the baseline values. 
  

https://paperpile.com/c/z17slV/8bDc+4Kjc
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DISCUSSION 
Main findings 

Our data suggest that short- and long-term visual outcomes in patients with 
neovascular AMD under anti-angiogenic therapy can be predicted using retinal tissue 
volumes that have been automatically segmented and quantified from OCT imaging.  
Using baseline VA and qOCT values alone, over forty percent of visual outcome 
variance at future timepoints can be predicted. Markedly greater accuracy was achieved 
in models that included functional and anatomical changes following each of the 
preceding induction injections. Our results therefore suggest that treatment-response is 
itself predictive of visual outcomes, which is consistent with previous studies.27–29 
Several qOCT biomarkers were identified as statistically significant predictive variables. 
As such, automatic OCT segmentation may play a role in evaluating disease activity 
and capacity for treatment-response at the individual injection and patient level.  
 
Results in the context of the existing literature 

The defining feature in neovascular AMD is development of macular 
neovascularization (MNV), accompanied by the exudation of fluid within and beneath 
the retina. Presence of IRF has itself been identified as a key biomarker of disease 
activity and poor visual outcomes.10,12,30–32 Our analyses identify IRF volume as a strong 
risk factor for low VA. Reduction of IRF from previous anti-VEGF treatments was also 
predictive of VA increase from future injections. The volume of IRF however, was not 
predictive of visual function at month 12, which contrasts with reports from Schmidt-
Erfurth and colleagues on a separate segmentation algorithm.33 This discrepancy likely 
arises from differences in study cohort and design. Our cohort was from real-world 
clinical practice, where patients were undergoing a treat-and-extend regimen, whereas 
Schmidt-Erfurth et al. (2018) reported on a trial cohort receiving either a fixed monthly or 
a pro re nata dose regimen. The variable injection intervals and the non-refracted VA 
measurements may have introduced additional noise into our data.  

Another potential reason for observed differences is that we considered 
additional biomarkers -  RPE, SHRM or HRF volumes. The identification of these 
prominent qOCT biomarkers has clear clinical implications: starting treatment at earlier 
or milder stages - with less IRF, less SHRM and more preserved RPE confers 
downstream functional benefit.  

In patients with neovascular AMD undergoing anti-VEGF therapy, VA 
deterioration due to RPE degeneration may occur by natural progression independent 
of MNV, exudation- associated RPE damage and/or controversially, by any contribution 
from anti-VEGF.34 35–37 SHRM implies type 2 MNV with potential to develop into a 
fibrous scar and its presence has been associated with reduced VA and poor anti-VEGF 
response.38–40 It is therefore unsurprising that our analyses identified SHRM volume at 
baseline as a risk factor for poor VA (1 fewer ETDRS letter for every 1.6 ± 1.1 mm3 of 
SHRM) and its resolution as a protective factor (1 letter increase for every 3.9 ± 1.9 
mm3 reduction after injection 1) for VA at 12 months. 

The relationship between central visual function and structural markers of retinal 
disease can be affected by their proximity to the fovea. Schmidt-Erfurth and colleagues 
extrapolated features from within 1 mm of the fovea as opposed to 6 mm carried out in 
this study. It has been demonstrated that the correlation between cross-sectional VA 

https://paperpile.com/c/z17slV/TvP5+FE1e+FS4D
https://paperpile.com/c/z17slV/1cBG+yW5w+m3vD+HeXT+rRBc
https://paperpile.com/c/z17slV/JkOC
https://paperpile.com/c/z17slV/60hUC
https://paperpile.com/c/z17slV/1nyo6+XhnZd+cbrfq
https://paperpile.com/c/z17slV/eqVb+IKeV+Jl4R
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and manually-segmented IRF volume can be increased by weighting the volume by 
distance from the fovea. Going forward, this principle ought to be implemented when 
evaluating the correlation of qOCT parameters with visual function.  
 
Limitations 

This study considers several retinal structures in disease prognosis. However, 
other important structures with known relevance for disease activity and visual outcome, 
such as the ellipsoid zone or the external limiting membrane were not considered due to 
unavailable segmentation data.30,31,41 Non-retinal structures that are important for vision 
were not considered either, such as lens or corneal status.  
 
Implications for further research and practice 

Determining the optimal dosing schedule of intravitreal injections for the 
individual patient is a critical step towards delivering personalised care in anti-VEGF 
therapy. While treat-and-extend and other flexible regimens can be seen as a first step 
in balancing treatment burden and patients outcomes, unnecessary visits/injections and 
unintended variation in care are still common and can lead to non-adherence, increased 
healthcare cost and strains on the healthcare system - ultimately leading to negative 
consequences on visual outcomes.42, 43 General guidance on follow-up and 
investigations of neovascular AMD by professional national and international societies 
exist,7–9 however, current treatment protocols feature limited management options that 
do not sufficiently reflect the diverse responses exhibited by patients with neovascular 
AMD undergoing anti-angiogenic treatment.44 Automatic, reproducible and quantitative 
identification of diagnostic and prognostic factors could together inform the optimal anti-
angiogenic treatment regimen tailored to an eye.  

Most studies on prognostic OCT biomarkers focus on long-term visual outcomes, 
such as using baseline OCT parameters to predict VA at 12 months.12,33,45 Yet, 
interestingly, short-term outcome predictions hold separate value and utility. When 
considering a patient who has had nine injections and may have a tenth, knowing the 
visual-outcome probabilities that can arise from an additional injection (increase, 
decrease, or no change) would be impactful. Certainly, the ability to predict the 
incremental VA change from a single injection would advance clinical decision-making 
and progress towards personalised treatment regimens.  

One approach to build such a decision-aid tool could be through reinforcement 
learning, a type of artificial intelligence. This novel technique has been successfully 
applied to various medical problems in recent years, such as diabetes, mechanical 
ventilation and sepsis management in the intensive care unit.46–49 Reinforcement 
learning has several theoretical advantages over existing algorithms, particularly when 
dealing with a suboptimal gold standard in a sequential decision-making paradigm such 
as in anti-VEGF therapy.47,49 In contrast to deep learning models, reinforcement 
learning is not limited by a supervised regimen and the associated ceiling effect of the 
current gold standard, i.e. the clinician’s decision on the anti-VEGF treatment schedule 
based on qualitative assessment of OCT biomarkers for disease activity.14,15 
Reinforcement learning has the potential to distinguish optimal from suboptimal clinical 
decisions, by using a patient’s clinical and demographic information and qOCT 

https://paperpile.com/c/z17slV/1cBG+yW5w+xHA5
https://paperpile.com/c/z17slV/8aKk
https://paperpile.com/c/z17slV/Ov66
https://paperpile.com/c/z17slV/fwvn+wXPa+Lghj
https://paperpile.com/c/z17slV/hmBz
https://paperpile.com/c/z17slV/m3vD+JkOC
https://paperpile.com/c/z17slV/Ntap
https://paperpile.com/c/z17slV/rwe9+sGoO+oV9u+sU3S
https://paperpile.com/c/z17slV/sU3S+sGoO
https://paperpile.com/c/z17slV/pkUs+sdOG
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biomarkers (model’s input) to predict the optimal treatment interval for the individual 
AMD patient (model’s output).  
 
Conclusion 

Automatic segmentation potentially enables rapid acquisition of quantitative and 
reproducible OCT biomarkers that can be used to inform treatment decisions. We 
present proof-of-principle evidence that incremental change in visual function from a 
single injection can be predicted. Further research ought to enable point-of-care 
decision-aid systems that support the clinician to individualize anti-angiogenic therapy 
and reduce unwanted variation in care for neovascular AMD. Lastly, we make a 
deidentified version of our data available to enable independent replication to enable 
follow-up analyses and facilitate further enquiry by other research groups.  
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FIGURE Legend 

Figure 1. (a) Exemplar results of the automatic segmentation algorithm from a patient 
with choroidal neovascularization from age-related macular degeneration with resultant 
fibrovascular pigment epithelium detachment and subretinal fluid. A two-dimensional 
slice was selected an OCT scanning stack (left panel) with resultant automated 
segmentation overlap (middle and right panels). Each distinct outlined structures are 
extrapolated to volumetric measurements (i.e. cubic millimeters and microliters). (b) 
Schematic of the variables considered in this study. Visual acuity (VA) and quantitative 
optical coherence tomography (qOCT) parameters were assessed immediately prior to 
receiving anti-VEGF treatment. A cross-sectional correlation between qOCT values and 
VA acquired at the same time-points was evaluated (red). The value of qOCT 
parameters in predicting VA measured at future time-points were also considered 
(blue). Here, the anatomical treatment response following injections were included as 
additional independent variables. For instance, the anatomical treatment-response to 
treatment 2 would be the qOCT parameters measured after injection (qOCT n+2) minus 
that measured before injection (qOCT n+1). These independent variables were also used 
to model the incremental change in VA resulting from the next upcoming treatment 
(green).  

Figure 2. Visual function and qOCT parameters during anti-VEGF treatment 
period. (a) Mean visual acuity (VA; early treatment diabetic retinopathy study [ETDRS] 
letters) and automatically segmented volumes (cubic microns or µl) of intraretinal fluid 
(IRF), subretinal fluid (SRF), subretinal hyperreflective material (SHRM), intraretinal 
hyperreflective foci (HRF), and pigment epithelial detachment (PED) from 6x6mm OCT 
scans at baseline (i.e. prior to starting treatment) and 1, 2, 3 and 12 months post-
baseline. (b) Mean and (c) distribution (box plots and histogram) of incremental change 
in VA and retinal structure volumes following the first 3 injections in the induction phase. 
Error bars signify 95% confidence intervals. 

Figure 3. Non-linear logistic regression predicting visual acuity. Visual acuity (VA) 
thresholds > 70 and < 35 ETDRS (early treatment diabetic retinopathy study) lettersat 
(a) 3 months and (b) 12 months after starting anti-VEGF therapy were evaluated. The 
predictive value of qOCT biomarkers at baseline was considered on their own (blue), 
but also in combination with baseline VA (green) and with incremental change in VA 
and qOCT biomarkers for each of the preceding induction injections (black). Area under 
the curve (AUC) is presented with 95% confidence intervals. 

Supplementary Figure 1. Patient flow diagram of the Moorfields Eye Hospital (MEH) 
patients with neovascular age-related macular degeneration (AMD) 
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Table 1. Demographics and clinical features of cohort. Means, standard deviations (SD), 
distributions, and proportions are shown for (a) gender, ethnicity, baseline age, and whether 
the eye taken forward for analysis was the first-treated eye or one of simultaneously-treated 
eyes; and (b) clinical features i.e. visual acuity (VA; ETDRS [early treatment diabetic 
retinopathy study] letters]) and VA change from baseline was considered at baseline, post-
injection 1, post-injection 2, post-injection 3, and at 12 months post-baseline. Baseline 
central retinal thickness (CRT) and change in CRT from baseline was similarly extrapolated. 
Baseline was considered as the timepoint immediately preceding initiation of anti-VEGF 
therapy. 
 
 
 
 Table 1a Demographics 

  Overall 
(n=926) 

Age (years)   
Mean (SD) 78.9 (8.68) 

Median [Min, Max] 80.0 [49.0, 100] 
Ethnicity   

Afro Caribbean 24 (2.6%) 
Asian 92 (9.9%) 

Caucasian 492 (53.1%) 
Other 218 (23.5%) 

Unknown 100 (10.8%) 
Gender   

Female 541 (58.4%) 
Male 385 (41.6%) 

Treatment sequence   
First treated 880 (95.0%) 

Simultaneously treated 46 (5.0%) 
 
  

Table 1



 
 
 Table 1b Clinical features 

  Baseline 
(n=926) 

Post-
injection 1 

Post-
injection 2 

Post-
injection 3 

Month 12 

VA  
(ETDRS letters) 

          

Mean (SD) 55.5 (15.0) 59.5 (15.4) 61.7 (15.1) 61.9 (15.3) 62.4 (16.5) 
Median [Min, Max] 58.0 [0.00, 

85.0] 
62.0 [0.00, 

95.0] 
64.0 [0.00, 

89.0] 
65.0 [5.00, 

90.0] 
65.0 [2.00, 

91.0] 
VA >70 letters           

No 728 (78.6%) 657 (71.0%) 597 (64.5%) 581 (62.7%) 545 (58.9%) 
Yes 198 (21.4%) 269 (29.0%) 329 (35.5%) 345 (37.3%) 381 (41.1%) 

VA <35 letters           
No 797 (86.1%) 849 (91.7%) 865 (93.4%) 857 (92.5%) 843 (91.0%) 

Yes 129 (13.9%) 77 (8.3%) 61 (6.6%) 69 (7.5%) 83 (9.0%) 
VA change post- 
injection  

          

Mean (SD) 0.00 (0.00) 3.98 (10.4) 2.15 (8.38) 0.199 (7.36) 0.566 (10.0) 
Median [Min, Max] 0.00 [0.00, 

0.00] 
3.00 [-72.0, 

49.0] 
2.00 [-41.0, 

69.0] 
0.00 [-41.0, 

43.0] 
1.00 [-53.0, 

40.0] 
VA change  
> 5 letters 

          

No  926 (100%) 381 (41.1%) 523 (56.5%) 575 (62.1%) 395 (42.7%) 
Yes 0 (0%) 545 (58.9%) 403 (43.5%) 351 (37.9%) 531 (57.3%) 

VA change  
> 10 letters 

          

No  926 (100%) 637 (68.8%) 771 (83.3%) 788 (85.1%) 672 (72.6%) 
Yes 0 (0%) 289 (31.2%) 155 (16.7%) 138 (14.9%) 254 (27.4%) 

CRT (µm2)           
Mean (SD) 354 (114) 259 (73.2) 249 (67.1) 259 (73.7) 245 (63.7) 

Median [Min, Max] 332 [0.0550, 
995] 

246 [0.00, 
667] 

237 [76.0, 
593] 

245 [95.1, 
678] 

237 [84.0, 
674] 

CRT change post-
injection 

          

Mean (SD) 0.00 (0.00) -94.4 (98.2) -10.5 (53.3) 10.3 (54.3) -14.3 (63.9) 
Median [Min, Max] 0.00 [0.00, 

0.00] 
-77.3 [-563, 

336] 
-6.07 [-324, 

347] 
2.95 [-329, 

318] 
-7.02 [-328, 

322] 
 
 



 
Table 2. Structure-function correlation between visual acuity and qOCT biomarkers. 
Adjusted regression coefficients of models at baseline (immediately prior to starting anti-
VEGF therapy) and post-injection 1, post-injection 2, post-injection 3, and 12-months post-
baseline are displayed. Linear regression model bootstrapped 100-fold.   
 

Table 2.  
 

Timepoint R2 RMSE MAE P-value 

Baseline 0.16 13.8 11.0 < 0.001 

Month 1 0.11 14.6 11.4 < 0.001 

Month 2 0.11 14.3 11.4 < 0.001 

Month 3 0.14 14.3 11.5 < 0.001 

Month 12 0.17 15.2 11.9 < 0.001 

 

Table 2



Table 3. Multi-linear regression for visual acuity following injection 2, injection 3, and 
12 months following start of anti-VEGF. Adjusted regression coefficients of the different 
models displayed to illustrate incremental benefit by inclusion of both visual acuity and OCT 
segmentation data at baseline and during induction phase. Linear regression model 
bootstrapped 100-fold.   
 

 Table 3.          

  Post-injection 2 Post-injection 3 Month 12 

  R2 RMSE MAE P-value R2 RMSE MAE P-value R2 RMSE MAE P-value 

Model 1 
OCT biomarkers @ baseline 

 
0.15 

 
14.1 

 
11.3 

 
< 0.001 

 
0.16 

 
14.1 

 
11.2 

 
< 0.001 

 
0.14 

 
15.3 

 
12.1 

 
< 0.001 

Model 2 
VA @ baseline 

 
0.52 

 
10.6 

 
8.0 

 
< 0.001 

 
0.47 

 
11.2 

 
8.5 

 
< 0.001 

 
0.34 

 
13.4 

 
10.2 

 
< 0.001 

Model 3 
OCT biomarkers @ baseline 
+ VA @ baseline 

 
0.53 

 
10.5 

 
8.0 

 
< 0.001 

 
0.49 

 
11.0 

 
8.4 

 
< 0.001 

 
0.36 

 

 
13.2 

 
9.9 

 
< 0.001 

Model 4 
OCT biomarkers @ baseline 
+ VA @ baseline 
+ VA & OCT changes  
post-injection 

 
0.72 

 
7.9 

 
5.5 

 
< 0.001 

 
0.79 

 

 
7.2 

 
5.0 

 
< 0.001 

 
0.63 

 
10.1 

 
7.2 

 
< 0.001 

 
 

Table 3



Table 4. Incremental VA change from an anti-VEGF treatment. VA change resulting from 
second and third anti-VEGF injection was queried. Adjusted regression coefficients of the 
different models displayed to illustrate incremental benefit by inclusion of both visual acuity 
and OCT segmentation data at baseline and during induction phase. Linear regression 
model bootstrapped 100-fold.   
 
 

 Table 4. Incremental VA change from an anti-VEGF treatment 

  Post-injection 2 Post-injection 3 

  R2 RMSE MAE P-value R2 RMSE MAE P-value 

Model 1 
OCT biomarkers @ baseline 

 
0.002 

 
8.5 

 
5.5 

 
0.07 

 
0.002 

 
7.6 

 
5.1 

 
0.85 

Model 2 
VA @ baseline 

 
0.01 

 
8.3 

 
5.5 

 
< 0.01 

 
0.002 

 
7.3 

 
5.0 

 
0.32 

Model 3 
OCT biomarkers @ baseline 
+ VA @ baseline 

 
0.01 

 
8.3 

 
5.6 

 
< 0.001 

 
0.002 

 
7.7 

 
5.1 

 
0.67 

Model 4 
OCT biomarkers @ baseline 
+ VA @ baseline 
+ VA & OCT changes  
post-injection 

 
0.13 

 
8.1 

 
5.6 

 
< 0.001 

 
0.07 

 
7.3 

 
5.0 

 
< 0.01 

 

Table 4



Supplementary Figure 1



Supplementary Table 1. Mean visual acuity and retinal tissue volumes over the 12 
month observation period. (a) Mean visual acuity (VA) in ETDRS (early treatment diabetic 
retinopathy study) letters at baseline, post-injection 1, post-injection 2, post-injection 3, and 
at 12 months post-baseline. (b) Mean retinal tissue volumes (cubic microns) of intraretinal 
fluid (IRF), subretinal fluid (SRF), subretinal hyperreflective material (SHRM), intraretinal 
hyperreflective foci (HRF), and pigment epithelial detachment (PED) segmented 
automatically from 6x6mm OCT scans. Mean change in (c) VA and (d) retinal volumes from 
baseline post-injection 1, post-injection 2, and post-injection 3. Each mean is displayed with 
95% confidence intervals. 
 

 

 
 
 

a) Mean visual acuity  b) Mean retinal tissue volumes (mm3) 

Timepoint VA 95% CI HRF 95% CI IRF 95% CI PED 95% CI RPE 95% CI SHRM 95% CI SRF 95% CI    

Baseline 55.55 0.97 0.003 0.001 0.113 0.017 0.809 0.082 0.821 0.005 0.364 0.039 0.503 0.048    

Post-
injection 1 59.53 0.99 0.004 0.001 0.014 0.004 0.540 0.061 0.789 0.005 0.134 0.024 0.092 0.016    

Post-
injection 2 61.68 0.97 0.003 0.001 0.014 0.005 0.490 0.059 0.783 0.005 0.094 0.016 0.068 0.018    

Post-
injection 3 61.88 0.99 0.002 0.000 0.026 0.008 0.538 0.058 0.787 0.005 0.104 0.015 0.118 0.022    

Month 12 62.45 1.07 0.001 0.000 0.022 0.010 0.452 0.047 0.779 0.005 0.080 0.012 0.074 0.016    

c) Mean change in 
visual acuity 

 d) Mean change in retinal tissue volumes (mm3) 

Timepoint VA 95% CI HRF 95% CI IRF 95% CI PED 95% CI RPE 95% CI SHRM 95% CI SRF 95% CI    

Post-injection 
1 3.98 0.67 6.5E-04 3.7E-04 -0.10 0.02 -0.27 0.05 -0.03 3.4E-03 -0.23 0.03 -0.41 0.04    

Post-injection 
2 2.15 0.54 -2.8E-04 2.3E-04 -5.9E-04 3.2E-03 -0.05 0.03 -0.01 2.7E-03 -0.04 0.01 -0.02 0.02    

Post-injection 
3 0.20 0.47 -1.0E-03 2.9E-04 0.01 0.01 0.05 0.03 3.2E-03 2.9E-03 0.01 0.01 0.05 0.02    

Supplementary Table 1



Supplementary Table 2. Correlation between qOCT parameters and cross-sectional 
visual acuity (VA). Adjusted regression coefficients of models at baseline (immediately prior 
to starting anti-VEGF therapy) and post-injection 1, post-injection 2, post-injection 3, and 12-
months post-baseline. Variables were automatically-segmented retinal structures: intraretinal 
fluid (IRF), subretinal fluid (SRF), subretinal hyperreflective material (SHRM), intraretinal 
hyperreflective foci (HRF), and pigment epithelial detachment (PED). Linear regression 
model bootstrapped 100-fold.   
 
 
  Baseline     Post-injection 1 

  Coefficient Standard error T-value P-value     Coefficient Standard error T-value P-value 
SHRM -6.98 0.80 -8.77 < 0.001   RPE 45.83 6.54 7.01 < 0.001 

IRF -12.58 1.74 -7.24 < 0.001   SHRM -9.20 1.38 -6.64 < 0.001 

RPE 33.89 6.73 5.03 < 0.001   IRF -21.29 7.13 -2.98 < 0.001 

SRF -1.56 0.66 -2.36 0.02   PED -1.29 0.55 -2.33 0.02 

HRF -113.51 59.87 -1.90 0.06   HRF -92.20 48.95 -1.88 0.06 

PED -0.31 0.39 -0.81 0.42   SRF 1.89 2.13 0.89 0.37 

 
  Post-injection 2     Post-injection 3 

  Coefficient Standard error T-value P-value     Coefficient Standard error T-value P-value 
RPE 46.21 5.97 7.73 < 0.001   RPE 52.04 5.93 8.78 < 0.001 

SHRM -11.42 2.02 -5.66 < 0.001   SHRM -12.94 2.17 -5.97 < 0.001 

HRF -154.84 50.30 -3.08 < 0.001   IRF -14.96 3.82 -3.92 < 0.001 

IRF -16.28 6.17 -2.64 0.01   PED -1.66 0.59 -2.79 0.01 

PED -1.38 0.56 -2.48 0.01   HRF -198.84 72.12 -2.76 0.01 

SRF -1.29 1.77 -0.73 0.47   SRF 0.94 1.51 0.62 0.53 

 

  12 months post-baseline   

  
  Coefficient Standard error T-value P-value   

RPE 56.20 6.02 9.33 < 0.001   

SHRM -22.46 2.89 -7.78 < 0.001   

IRF -13.25 3.16 -4.19 < 0.001   

PED -1.17 0.76 -1.54 0.12   

SRF 2.69 2.18 1.23 0.22   

HRF -0.68 227.45 0.00 1.00   
 

Supplementary Table 2



 
 
Supplementary Table 3. Predictive covariates of incremental visual change resulting 
from injection 2 and 3. Adjusted regression coefficients of covariates in a model of visual 
acuity change resulting from injection 2 and injection 3. Variables included visual acuity (VA) 
and automatically-segmented retinal structures (intraretinal fluid [IRF], subretinal fluid [SRF], 
subretinal hyperreflective material [SHRM], intraretinal hyperreflective foci [HRF], and 
pigment epithelial detachment [PED]) at baseline and changes resulting from previous 
injections. Linear regression model bootstrapped 100-fold.   

 
 
 
 
 

Post-injection 2   Post-injection 3 
  
  Coefficient 

Standard 
error T-value P-value   

  
  Coefficient 

Standard 
error T-value P-value 

VA (Baseline) 0.84 0.02 41.81 < 0.001   VA (Baseline) 0.91 0.02 48.86 < 0.001 

VA change 
(Post-injection 1) 0.69 0.03 25.96 < 0.001   

VA change (Post-
injection 1) 0.86 0.03 33.52 < 0.001 

RPE change 
(Post-injection 1) 13.34 5.49 2.43 0.02   VA change (Post-

injection 2) 0.69 0.03 23.19 < 0.001 

IRF (Baseline) -6.16 3.91 -1.58 0.12   IRF change 
(Post-injection 2) -11.55 4.82 -2.40 0.02 

PED (Baseline)) -0.33 0.22 -1.48 0.14   RPE change 
(Post-injection 1) 11.86 5.23 2.27 0.02 

IRF change 
(Post-injection 1) -5.87 4.11 -1.43 0.15   SHRM change 

(Post-injection 2) -3.92 1.91 -2.06 0.04 

RPE (Baseline) 5.76 4.06 1.42 0.16  PED change 
(Post-injection 1) -2.22 1.28 -1.74 0.08 

HRF change 
(Post-injection 1) -99.91 73.69 -1.36 0.18  IRF (Baseline) -6.06 3.56 -1.70 0.09 

SRF change 
(Post-injection 1) -1.64 1.32 -1.25 0.21  SRF (Baseline) -1.76 1.14 -1.54 0.12 

SHRM (Baseline) -0.67 0.76 -0.88 0.38  RPE (Baseline) 5.56 3.64 1.53 0.13 

HRF (Baseline) -29.93 34.58 -0.87 0.39  SHRM (Baseline) -1.64 1.08 -1.51 0.13 

SHRM change 
(Post-injection 1) 0.43 0.98 0.44 0.66  IRF change 

(Post-injection 1) -4.76 3.73 -1.27 0.20 

SRF (Baseline) -0.47 1.16 -0.40 0.69  PED (Baseline) -0.19 0.20 -0.95 0.34 

      HRF change 
(Post-injection 2) -55.60 66.16 -0.84 0.40 

      RPE change 
(Post-injection 1) 4.71 5.94 0.79 0.43 

      SHRM change 
(Post-injection 1) -0.96 1.23 -0.78 0.44 

      SRF change 
(Post-injection 2) 0.46 0.98 0.47 0.64 

      HRF (Baseline) -4.61 30.99 -0.15 0.88 

Supplementary Table 3


