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Abstract

Purpose—To evaluate retinal fluid volume data extracted from OCT scans by artificial 

intelligence (AI) algorithms in the management of neovascular age-related macular degeneration 

(NV-AMD).

Design—Perspective

Methods—A review was performed of retinal image repository datasets from diverse clinical 

settings.

Settings: clinical trial (HARBOR) and trial follow-on (AREDS2-10Y); real-world (Belfast and 

Tel-Aviv tertiary centers).

Patients: 24362 scans of 1095 eyes (HARBOR); 4673 of 880 (Belfast); 1470 of 132 (Tel-Aviv); 

511 of 511 (AREDS2-10Y).

Observation procedures: Vienna Fluid Monitor or Notal OCT Analyzer applied to macular 

cube scans.

Outcome measures: intraretinal fluid (IRF), subretinal fluid (SRF), and pigment epithelial 

detachment (PED) volumes.
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Results—The fluid volumes measured in neovascular AMD were expressed efficiently in 

nanoliters. Large ranges that differed by population were observed at the treatment-naïve stage: 

0-3435nl (IRF), 0-5018nl (SRF), and 0-10022nl (PED). Mean volumes decreased rapidly and 

consistently with anti-VEGF therapy. During maintenance therapy, mean IRF volumes were 

highest in Tel-Aviv (100nl), lower in Belfast and HARBOR-PRN, and lowest in HARBOR-

monthly (21nl). Mean SRF volumes were low in all: 30nl (HARBOR-monthly) and 48-49nl 

(others).

Conclusions—Quantitative measures of IRF, SRF, and PED are important biomarkers in NV-

AMD. Accurate volumes can be extracted efficiently from OCT scans by AI algorithms to guide 

the management of exudative macular diseases. Automated fluid monitoring identifies fluid 

characteristics in different NV-AMD populations at baseline and during follow-up. For consistency 

between studies, we propose the nanoliter as a convenient unit. We explore the advantages of using 

these quantitative metrics in clinical practice and research.

Introduction

The diagnostic accuracy of optical coherence tomography in retinal disease

Optical coherence tomography (OCT) is now the primary imaging modality for the 

diagnosis and classification of retinal disease, including the late stages of age-related 

macular degeneration (AMD). In neovascular AMD, an international group of retinal experts 

observed that OCT is now often used as the primary imaging modality and proposed a new 

classification of neovascular AMD, based on OCT; they observed that OCT imaging has 

greater diagnostic precision than traditional imaging modalities and enables detailed three-

dimensional analysis of the vascular anatomical characteristics in neovascular AMD 

lesions1. The diagnostic value of OCT is also observed in its ability to differentiate exudative 

from non-exudative conditions or stages. This has led to greatly improved recognition of 

non-exudative (quiescent or subclinical) type 1 neovascular complexes as an important entity 

in AMD1,2.

The management and guidance of treatment in retinal disease is driven by optical 
coherence tomography

OCT has enabled detailed three-dimensional localization of intraretinal fluid (IRF), 

subretinal fluid (SRF), and/or pigment epithelial detachments (PED) in exudative retinal 

conditions, such as neovascular AMD, diabetic macular edema (DME), and retinal vein 

occlusion (RVO). This has occurred in parallel with the advent of anti-VEGF therapy, which 

is highly effective in decreasing these exudative manifestations. However, the therapeutic 

effect of anti-VEGF injections is typically transient; the duration of action is variable and 

difficult to predict, depending on the underlying disease state, ocular VEGF levels, drug 

pharmacodynamics, and multiple other factors. In this context, retreatment decisions are 

driven almost entirely by OCT findings3–8, and detailed comparison of IRF and SRF levels 

at different time-points is essential.
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The interpretation of optical coherence tomography scans at individual visits and between 
visits

In routine clinical practice, a retinal specialist usually assesses the presence of IRF, SRF, and 

PED from OCT scans in a qualitative manner. At any individual visit, the clinician may 

record qualitative descriptions such as ‘moderate IRF’ or ‘trace SRF’, though this requires 

thorough inspection of multiple B-scans. The OCT software also generates a heatmap, 

where the macular thickness is compared spatially with reference values from a normative 

database. In addition, the software may provide a metric, the central subfield thickness 

(CSFT), i.e. the mean retinal thickness in a 1-mm radius circle centered on the fovea.

Several problems may arise with these approaches. First, qualitative descriptions such as 

‘moderate IRF’ have no external definitions, so are likely to have poor inter-grader 

agreement and intra-grader consistency. Indeed, multiple studies have demonstrated 

suboptimal agreement between retinal specialists and reading center graders even for the 

binary assessment of fluid presence or absence 8–10. Second, comparing macular thickness 

with values from a normative database causes problems, since macular thickness does not 

consider retinal fluid and neural tissue separately. For example, an eye with DME but 

decreased neural tissue (from diabetic neurodegeneration) may appear to have normal 

macular thickness. Third, CSFT is poor at capturing all the potential information available: it 

does not distinguish between IRF and SRF, and often fails in the presence of a PED; it does 

account for neural tissue thickness and ignores macular fluid outside the fovea. A recent 

quantitative comparison between CSFT and fluid volumes identified by AI-based 

measurement demonstrated poor correlations, particularly in neovascular AMD.11

In many clinical situations, particularly for anti-VEGF retreatment decisions, it is essential 

to compare OCT scans consistently between sequential visits. To do this, retinal specialists 

typically use built-in OCT software to compare total macular thickness (with a heatmap 

showing the extent of change) and/or CSFT. However, since these approaches do not 

distinguish between IRF and SRF and rely on the assumption that neural tissue thickness 

remains unchanged, these comparisons can result in erroneous interpretation of disease 

activity. Also, failure of automated segmentation will introduce errors that can invalidate 

comparisons between scans.

Optical coherence tomography as a tool for studying outcomes in clinical research

OCT is an integral element in the assessment of morphological outcomes in clinical 

research, particularly in randomized clinical trials (RCTs). In DRCR.net trials exploring 

DME treatment options, participant selection and retreatment criteria are based 

predominantly on OCT findings, as are structural outcome measures. For participant 

selection, DME that is center-involved or not has been a key eligibility criterion12–16. 

Regarding retreatment criteria, a commonly used OCT criterion has been ≥10% change in 

CSFT. However, there are few data to support this as a clinically meaningful parameter; 

interestingly, a post hoc analysis of Protocol T concluded that “changes in CSFT accounted 

for only a small proportion of the total variation in changes in visual acuity. These findings 

suggest that CSFT is a poor marker for functional improvement or worsening in treatments 
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for DME”17. Regarding structural outcome measures, the principal OCT outcome measure is 

typically mean change in CSFT 12,14–17.

In neovascular AMD, multiple reports highlight the importance of distinguishing between 

retinal fluid localization in the intraretinal and subretinal compartments for informing 

retreatment decisions and predicting visual outcomes18–23. Despite this, many recent trials 

have continued to use relatively crude or binary OCT outcome measures. For example, in the 

FLUID Study RCT, the OCT outcome measure was mean change in CSFT20. Similarly, in 

the HAWK and HARRIER trials of brolucizumab, the OCT outcome measure was change in 

CSFT; unusually, IRF, SRF, and sub-RPE fluid were considered separately, but only in 

binary terms of presence or absence24. All of these outcome measures have substantial 

limitations: some are binary or categorical, with great loss quantitative data; even for the 

quantitative measures, considering thickness rather than volume means that volume 

information is lost. This means that, even at the reading center level, assessments of IRF and 

SRF are often made using a purely qualitative approach; even when quantitative assessments 

are made, these often consist of CSFT, retinal thickness separately by ETDRS field, and/or 

point measurements of linear dimensions (e.g. maximum height of SRF). These assessments 

are laborious, confined to the research setting, and do not capture the great wealth and 

accuracy of quantitative data available from OCT imaging.

Optimizing optical coherence tomography outcomes: an objective approach

Recent advances in machine learning have resulted in the development of software that can 

process routinely acquired SD-OCT data and precisely determine the location and severity 

of macular fluid within different tissue compartments10,25,26. In this way, the software can 

automatically generate multiple quantitative metrics related to macular fluid, including IRF, 

SRF, and PED volumes. As continuous variables, macular IRF and SRF volumes are less 

susceptible to the problems described above. It is therefore possible that using macular IRF 

and SRF volumes may provide substantial advantages to research and clinical practice. In 

structure-function correlations, it is possible that using volume instead of thickness, 

separating fluid volume from neural tissue volume, distinguishing between IRF and SRF 

(alongside considering centrality), and monitoring dynamics over time might greatly 

improve the ability of OCT changes to predict changes in VA.

The purpose of this perspective was to compare volumetric information from available AI-

acquired datasets on IRF, SRF, and PED, as these represent biomarkers of interest in the 

management of exudative macular diseases. The specific aims were to identify similarities 

and differences in the ranges of fluid volumes described in four datasets, which were 

analyzed using two different algorithms and obtained during the longitudinal follow-up of 

patients with neovascular AMD undergoing treatment with anti-VEGF therapy. An 

additional aim was to ascertain the optimum unit of measurement for IRF and SRF volumes 

that is appropriate for the spectrum of retinal fluid volumes commonly encountered in this 

disease.
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Methods

For this study, four separate datasets with AI-based automated detection and quantification 

of IRF and SRF volumes were identified. These datasets were examined to identify potential 

similarities and differences and to describe the ranges of retinal fluid volumes that were 

reported in representative populations with neovascular AMD. They comprised data from (a) 

the HARBOR trial27, (b) a tertiary referral retinal center in the United Kingdom28, (c) a 

tertiary referral retinal center in Israel29, and (d) the AREDS2 10-year Follow-On9. The AI 

algorithm used on the HARBOR trial dataset was the validated algorithm previously 

published by the University of Vienna25, the Vienna Fluid Monitor; the one used on the three 

other datasets was the Notal OCT Analyzer (NOA)9,10.

HARBOR dataset: longitudinal OCT dataset from a clinical trial setting

The HARBOR trial (clinicaltrials.gov identifier NCT00891735) was a multicenter phase III 

RCT that evaluated the 24-month efficacy of intravitreal ranibizumab 0.5 mg and 2.0 mg 

administered monthly and on an as-needed basis in neovascular AMD: 1,098 participants 

with treatment-naive patients with subfoveal neovascular AMD were recruited at 100 sites in 

the United States30. All patients provided written informed consent and institutional review 

board approval was obtained at each center. The inclusion criteria have described 

previously30. An AI-based fluid analysis of these data using the Vienna AI algorithm has 

been reported in detail27. Study visits included SD-OCT imaging using the Cirrus HD-OCT 

III (Carl Zeiss Meditec, Dublin, CA), with a cube scan comprising 512 A-scans in each of 

the 128 B-scans, covering a 6x6 mm area. All OCT scans were included in the current 

review, both those obtained at the baseline study visit (treatment-naïve) and at monthly study 

visits during the 24-month trial period of anti-VEGF therapy.

Belfast Health and Social Care Trust dataset: longitudinal OCT dataset from a real-world 
setting

The Belfast dataset comprised data routinely collected from an electronic medical record 

(EMR) system (Medisoft Ophthalmology (Medisoft Limited, Leeds, UK)) used for clinical 

care for neovascular AMD, with the accompanying Spectralis (Heidelberg Engineering, 

Heidelberg, Germany) SD-OCT data, at this single tertiary referral retinal center.28 Data 

relating to the period April 1, 2010 to October 31, 2019 were extracted from the EMR 

system. The process for using the data in this manner was conducted according to 

established principles in the United Kingdom National Health Service (The Caldicott 

Guardian Systems; see systems.hscic.gov.uk/infogov/links/2010cgmanual.pdf). The data 

guardian gave approval for the use of the anonymized image set, which was exported 

without any patient identifiers and which adhered to the NHS processes and protocols. The 

inclusion criteria have been described previously.28 All eyes were treatment-naive at 

baseline, were treated with anti-VEGF injection between September 1, 2010 and October 4, 

2017, and had at least two Spectralis SD-OCT scans in the period between three months and 

36 months after the first anti-VEGF injection. The patients were treated according to a 

mixture of Pro Re Nata (PRN) and Treat and Extend regimens. The Spectralis SD-OCT 

macular cube scans were acquired under standard conditions (31-61 B-scans covering a 6x6 
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mm area). All OCT scans were included in the current review, both those obtained at 

baseline (treatment-naïve) and during ongoing anti-VEGF treatment.

Tel Aviv Medical Center dataset: longitudinal dataset from a real-world setting

The Tel Aviv dataset comprised data routinely collected as part of clinical care for 

neovascular AMD, with the accompanying Spectralis SD-OCT data, at this single tertiary 

referral retinal center. Institutional review board approval was obtained, and the research was 

conducted under the tenets of the Declaration of Helsinki. The inclusion criteria have been 

described previously29. These included the availability of a Spectralis SD-OCT macular 

cube scan acquired between August 1, 2009 and November 30, 2018. The scans were 

acquired under standard conditions (31-61 B-scans covering a 6x6 mm area). All OCT scans 

were included in the current review, both those obtained at baseline (treatment-naive) and 

during ongoing anti-VEGF treatment. The patients were treated according to a mixture of 

PRN and Treat and Extend regimens. In individuals with bilateral neovascular AMD, the 

scans were separated into those from first-treated and second-treated eyes (i.e. fellow eyes 

diagnosed with neovascular AMD during anti-VEGF therapy of the first eye).

Age-Related Eye Disease Study 2 10-year Follow-On dataset: cross-sectional 
(opportunistic) OCT dataset from a follow-on trial setting

The AREDS2 was a multicenter phase III randomized clinical trial (RCT) that analyzed the 

effects of nutritional supplements on the course of AMD: 4,203 participants were recruited 

at 82 retinal clinics in the United States31. Institutional review board approval was obtained 

at each clinical site and written informed consent for the research was obtained from all 

study participants. The research was conducted under the tenets of the Declaration of 

Helsinki and complied with the Health Insurance Portability and Accountability Act. The 

inclusion criteria have been described previously31. Following close-out of the main study at 

five years, 709 participants underwent a single repeat evaluation at 10 years. The 10-year 

Follow-On study visit included SD-OCT imaging of the macula, using either the Cirrus 

(cube scan comprising 512 A-scans in each of the 128 B-scans covering a 6x6 mm area) or 

Spectralis (high-speed volume scan comprising 97 B-scans, ART 9 (max15) with standard 

orientation (0°), covering a 20x20 degree area). Analysis of this dataset using the NOA has 

been reported recently9. The dataset used in the current review comprised 511 eyes with 

neovascular AMD, all of which had previously been treated with anti-VEGF injections (i.e. 

not treatment-naïve).

The Notal Optical Coherence Tomography Analyzer (NOA)

The development of the NOA has been described previously10. In brief, a machine learning 

and image recognition computational technique was used to develop a classifier that 

distinguishes normal morphologic features from elevated or distorted contours that occur 

from fluid presence. The process includes three steps: (i) delineation of internal limiting 

membrane (ILM) and RPE, using several local and global image processing techniques 

including pixel-graph optimization; (ii) candidate fluid-region identification using standard 

image processing techniques; (iii) machine learning feature-based classification of the 

candidate regions to distinguish true from false fluid regions. The algorithm allows 

automated detection and quantification of IRF and SRF, when applied to a macular volume 
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scan from Cirrus or Spectralis SD-OCT devices. Validation of this algorithm has been 

reported previously9,10.

The Vienna AI-based Fluid Monitor

The development of this deep learning algorithm has been described previously25. In brief, 

semantic segmentation32, a method based on convolutional neural networks, was developed 

to perform mapping from OCT images to pixel-level class labels, following end-to-end 

training on large quantities of labeled training data. In this way, the algorithm assigns each 

OCT pixel to a class such as IRF, SRF, or normal tissue. This tool permits automated 

detection and quantification of IRF and SRF, when applied to a macular volume scan from 

Cirrus or Spectralis SD-OCT devices. Comprehensive validation of this algorithm has been 

reported previously25. This fluid-based algorithm has been applied successfully to many 

datasets and disease entities such as neovascular AMD, DME, and RVO, as well as for the 

prediction of retreatment needs and therapeutic outcomes. An application in a large real-

world dataset demonstrated its efficacy in routine clinical data (Gerendas BS, et al. IOVS 

2018;59:ARVO E-Abstract 1621).

Previous studies have compared retinal fluid volumes from the algorithms versus manual 

measurements27. For the Vienna Fluid Monitor, in these previous analyses, the level of 

agreement between the automated and manual measurements was higher than the level of 

agreement between the manual measurements from two human graders.27 For the NOA, the 

correlation coefficients for agreement between the automated and manual measurements 

were high at 0.95 (Spectralis) and 0.92 (Cirrus).29

Data analysis and image visualization

Descriptive statistics (mean, standard deviation, and range) were calculated for IRF, SRF, 

and PED volumes. This was performed separately for each dataset. In order to facilitate 

more meaningful comparisons between datasets, these statistics were also calculated 

separately for (i) baseline/treatment-naive visits and (ii) subsequent visits (during anti-VEGF 

therapy). Of note, the AREDS2-10Y dataset contained subsequent visits only. In addition, 

graphs were made showing changes over time in the mean fluid volumes for the three 

longitudinal datasets.

A small number of representative eyes was selected to demonstrate a wide range of retinal 

fluid volumes. This was performed, first, to explore the dynamic range of retinal fluid 

volumes encountered in active disease, towards selection of a single appropriate unit prefix 

for volume (e.g. nanoliter, picoliter, or millimeter cubed). Second, this was done to 

demonstrate potential methods of automatically visualizing the retinal fluid (e.g. en face 
heat-maps showing the extent of IRF and SRF separately, and B-scans with color-coding of 

IRF and SRF), for physician inspection and quality assurance. Statistical analysis was 

performed using SAS version 9.4 (SAS Institute Inc., Carey, NC).

Results

The characteristics of the study participants and eyes in the four datasets are shown in Table 

1. The number of OCT scans analyzed was 24362 scans of 1095 eyes (HARBOR), 4763 
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scans of 880 eyes (Belfast), 1470 scans of 132 eyes (Tel Aviv), and 511 scans of 511 eyes 

(AREDS2 10-year Follow-On). The proportions of images that did not pass the automated 

quality filter of the algorithms were 0%, 11%, 14%, and 11%, respectively. As described 

previously9, the NOA rejects images where a reliable assessment of fluid volume is not 

possible owing to poor image quality, suspected erroneous segmentation, or significant 

vitreomacular interface abnormalities. The Vienna Fluid Monitor rejects individual A-scans 

with poor image quality (i.e., suspected erroneous ILM or RPE delineation), but no entire 

volume scans in the HARBOR dataset were completely rejected.

The results of the two AI-based algorithms are shown in Tables 2 and 3 and Figures 1 and 2. 

The range of fluid volumes encountered across the spectrum from treatment-naive 

neovascular AMD to advanced disease under treatment showed that the most appropriate 

unit of measurement to encompass the entire dynamic range was the nanoliter (nl; Table 2), 

as opposed to the microliter (equivalent to the cubic millimeter, mm3) or picoliter.

Retinal fluid volumes from scans at the treatment-naïve stage

In all datasets, large ranges of IRF, SRF, and PED volumes were observed in treatment-naïve 

eyes (Table 2). For example, in the Tel Aviv dataset, IRF volumes ranged from 0-3435 nl, 

while SRF volumes ranged from 0-1729 nl. The mean IRF volume was highest in first-

treated eyes in the Tel Aviv dataset (311 nl, SD 644), lower in the Belfast (154 nl, SD 293) 

and HARBOR (123 nl, SD 201) datasets, and lowest in second-treated eyes in the Tel Aviv 

dataset (77 nl, SD 188). A different pattern was observed for SRF: mean SRF volume was 

highest in the HARBOR dataset (425 nl, SD 564), lower in the Belfast dataset (179 nl, SD 

317) and first eyes in the Tel Aviv dataset (203 nl, SD 357), and lowest in second eyes in the 

Tel Aviv dataset (7 nl, SD 16). Hence, the IRF/SRF volume ratio was highest for the Tel 

Aviv dataset, intermediate for the Belfast dataset, and lowest for the HARBOR dataset. 

Regarding PED, the mean volume in the HARBOR dataset (analyzed by the Vienna Fluid 

Monitor) was 439 nl. In the datasets analyzed by the NOA, the mean PED volume was 

highest in the first eyes in the Tel Aviv dataset (1026 nl, SD 1380), lower in the Belfast 

dataset (787 nl, SD 949), and lowest in the second eyes in the Tel Aviv dataset (611 nl, SD 

764).

Retinal fluid volumes from scans during anti-VEGF therapy

In all datasets, large ranges of IRF, SRF, and PED volumes were observed during anti-VEGF 

therapy (Table 2). Consistent with previous reports27, for all datasets, the mean IRF and SRF 

volumes decreased rapidly from the baseline visit to subsequent visits (Figure 1). Regarding 

fluid volumes during the maintenance phase of anti-VEGF therapy, the mean IRF volume 

was highest in the Tel Aviv dataset (100 nl, SD 286), lower in the Belfast dataset (47 nl, SD 

177), and lowest in the HARBOR dataset, particularly for the monthly treatment arm (21 nl, 

SD 158). For SRF, the mean volumes were similar in the Tel Aviv, Belfast, and HARBOR 

PRN datasets (48-49 nl for all), but lowest in the HARBOR monthly treatment dataset (30 

nl, SD 120). Regarding PED, the mean volume in the HARBOR dataset (analyzed by the 

Vienna algorithm) was lower in the monthly (159 nl, SD 292) versus PRN (226 nl, SD 380) 

treatment arm. In the datasets analyzed by the NOA, the mean PED volume was higher in 

the Tel Aviv dataset (718 nl, SD 840) and lower in the Belfast dataset (603 nl, SD 633).
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Changes over time in fluid volumes are shown in Figure 1 (total IRF and SRF) and Figure 2 

(PED volume). In most cases, the mean fluid volumes during ongoing anti-VEGF therapy 

were substantially lower than those observed prior to starting therapy, for both IRF and SRF. 

This was particularly true for the HARBOR dataset (likely related to its standardized 

prospective protocol). The AREDS2-10Y dataset was considered separately, since it 

comprised fluid volumes obtained at a single visit, where the visits could be at very different 

time-points along the course of neovascular AMD follow-up. The mean volumes were 43 nl 

(SD 195), 21 nl (SD 123), and 618 nl (SD 638), for IRF, SRF, and PED, respectively.

Regarding the binary detection of retinal fluid presence or absence, error analysis of the 

NOA was previously reported on the full AREDS2-10Y dataset of 1127 eyes9. The 

proportions of false negative and false positive cases were 5.9% and 9.1%, respectively. 

Detailed analysis of the false positive cases showed that, when the NOA falsely predicted 

that retinal fluid was present, it tended to do this with very low estimated fluid volumes 

(mean 5.4 nl). Similarly, the false negative cases tended to be difficult scans (i.e., with a high 

proportion of 44% requiring senior adjudication for fluid presence at the reading center). 

Error analysis of the Vienna Fluid Monitor was previously reported on a separate dataset of 

1200 OCT scans (including eyes with AMD, DME, and RVO).25 For the detection of retinal 

fluid in the AMD cohort, the area under receiver operating curve was 0.93 (IRF) and 0.98 

(SRF).

Representative optical coherence tomography scans

Representative SD-OCT scans from eyes with low and high volumes of retinal fluid are 

shown in Figures 3 and 4. These scans demonstrate how the extent of IRF and SRF visible 

qualitatively correspond to quantitative retinal fluid volumes. Figure 3 shows the automated 

analysis performed by the NOA, while Figure 4 demonstrates that performed by the Vienna 

Fluid Monitor. Both AI algorithms automatically produce two heatmaps (overlaid on 

ETDRS grids), one for IRF and the other for SRF; these show the cross-sectional quantity 

and spatial extent of the retinal fluid, including the presence or absence of foveal 

involvement. These provide rapid visualization of the location, extent, and severity of retinal 

fluid separately for the two compartments. For both algorithms, the estimated volumes of 

IRF and SRF are displayed in nanoliters; these enable precise tracking over time and 

according to disease and treatment characteristics. In addition, a single representative B-scan 

is shown in each case, demonstrating how the algorithms identify and separately color-code 

IRF and SRF on every B-scan in the cube.

Discussion

Retinal fluid volumes in different populations and under different treatment regimens in 
neovascular age-related macular degeneration

We reviewed and compared retinal fluid volume data from multiple datasets obtained in 

diverse clinical settings. Data were analyzed both at the treatment-naive and maintenance 

stages of anti-VEGF therapy. A key feature was the documentation of fluid volumes 

separately by tissue compartment. We established that the most appropriate unit of 

measurement was the nanoliter. This unit encompassed the full range of fluid volumes found 
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in the IRF, SRF, and sub-RPE compartments across both treatment-naïve and maintenance 

stages. It achieved an appropriate balance between the use of decimal places for small 

volumes and multiple digits for large volumes. Using the same unit of measurement should 

facilitate easier comparison between different algorithms, datasets, and studies.

A further aim of this review was to identify similarities and differences between the fluid 

volumes observed in the four datasets, which were acquired using two commonly available 

SD-OCT devices and analyzed by two different AI algorithms. Regarding the differences in 

fluid volumes observed at the treatment-naïve stage, plausible explanations include 

differences in (i) MNV lesion types1, (ii) earlier or later initiation of anti-VEGF therapy, and 

(iii) other characteristics such as study eligibility criteria. The mean SRF volume at the 

treatment-naïve visit was greatest in the HARBOR dataset. Of note, the HARBOR eligibility 

criteria required BCVA of 20/40-20/320 and type 1 or 2 MNV lesions only, while type 1 or 

mixed 1/2 lesions had to demonstrate activity according to specific criteria.30 These 

inclusion criteria likely favored the presence of larger quantities of SRF. By contrast, the 

relatively high mean IRF volumes and IRF/SRF ratios in the Tel Aviv and Belfast datasets 

likely reflect the presence of a greater proportion of type 3 MNV lesions in these real-world 

studies. On segregating first and second-treated eyes in the Tel Aviv dataset, it was notable 

that the latter group had the lowest mean IRF and SRF volumes. This finding is consistent 

with intuition that neovascular AMD in fellow eyes is often diagnosed early, partly owing to 

frequent OCT monitoring at treatment visits for the first eyes33.

A striking finding was the difference in PED volumes between the HARBOR and the two 

real-world datasets, both at the treatment-naïve stage and during maintenance therapy. The 

mean volumes in the HARBOR dataset were less than half those in the other datasets. 

Potential reasons for this include the use of different OCT devices, differential recognition of 

PED boundaries by the two algorithms, and genuine differences (related to the patient 

populations and treatment regimens). Despite potential differences between OCT devices 

and algorithms, using the same device and algorithm on sequential scans allows fluctuations 

in PED volume to be captured accurately at the level of individual eyes.

The rapid decrease in fluid volumes observed following the initiation of anti-VEGF therapy 

has been discussed in detail previously, including in analyses of the HARBOR dataset.27 

The Vienna Fluid Monitor clearly highlighted the sensitivity of the AI-based fluid 

measurement with respect to drug dosage and type of regimen27. Differences in the patterns 

of fluid resolution and recurrence during the maintenance phase of anti-VEGF therapy were 

revealed by our analyses. The mean IRF and SRF volumes were generally higher in the real-

world datasets, lower in the HARBOR PRN arm, and lowest in the HARBOR monthly arm 

with the most intensive retreatment. The differences between the clinical trial and real-world 

results were anticipated, owing to differences in treatment regimens and retreatment criteria. 

Retreatment criteria are generally less strict in real-world settings, with fewer anti-VEGF 

injections usually recorded in real-world versus clinical trial settings, reflecting the potential 

issue of undertreatment in clinical practice worldwide.30,33,34
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Importance, implications, and potential uses in clinical practice

OCT is the primary imaging modality for assessing multiple aspects of neovascular AMD: 

diagnosing MNV, identifying the point of conversion from non-exudative to exudative MNV, 

classifying MNV by lesion type, helping guide prognostic predictions, and assessing the 

indications for anti-VEGF retreatment.1,19,27 For most of these tasks, retinal fluid volumes 

are key biomarkers. Given the increasing prevalence of neovascular AMD, it is therefore 

very helpful to have software available that can analyze these quantitatively, automatically, 

and at scale, i.e., rapidly, objectively, and consistently.

In clinical practice, the ability to extract quantitative metrics of exudative activity from OCT 

scans represents an important advance over the qualitative descriptions that are normally 

used, where retinal fluid is typically graded as present versus absent, or severe versus mild. 

By avoiding problems of low intra-grader consistency and inter-grader agreement, this 

makes it possible to compare exudative activity more meaningfully between sequential and 

even distant visits of the same individual, or between individuals, irrespective of the 

physicians’ discretion. These quantitative metrics might also lead to improved record-

keeping and visualization of exudative activity; the values may be recorded from each visit 

and lend themselves well to plotting graphs of fluid volume over time (and according to 

changes in treatment intervals, drugs, and doses).

The application of AI methods allows assessments and comparisons to be made separately 

for IRF, SRF, and PED. Several studies have already demonstrated that not all exudative 

activity is equal, in terms of visual prognosis and informing retreatment decisions.18–23 

Notably, the FLUID study aimed to demonstrate that a Treat and Extend approach that 

tolerated most SRF (assessed manually) achieved non-inferior visual outcomes at two years, 

compared to an approach that tolerated neither IRF or SRF.20 Indeed, an AI-based approach 

providing automated quantitative fluid measurements showed no difference between the 

groups in tolerant versus intolerant SRF reduction (Arnold JJ, et al. IOVS 2019;60:ARVO E-

Abstract 5190). For DME, in a post hoc analysis of the DRCR.net Protocol T, where IRF 

and SRF were quantified by a fully automated algorithm, aflibercept and ranibizumab were 

associated with greater reductions of IRF than bevacizumab and IRF was the major factor 

influencing visual outcomes.35 Future studies are likely to lead to refined retreatment 

protocols that may well incorporate more nuanced approaches according to fluid 

compartment or volume. Adherence to approaches such as this will likely be achieved more 

easily with the aid of algorithms that identify and quantify fluid types. Overall, in the 

context of personalized medicine, this may lead to more tailored treatment, ideally so that 

individuals achieve optimal visual outcomes with as few injections and visits as possible. 

This might help address some of the shortfall in visual outcomes that has consistently been 

observed between real-world practice and clinical trials.33,34,36–39 Of course, assessing this 

possibility would require prospectively designed trials of standard versus AI-assisted, as has 

been performed in other medical fields.40–42

There are some clinical scenarios where automated binary detection of retinal fluid 

presence/absence by itself may be helpful for decisions around retreatment and altered 

treatment intervals. We believe that automated quantification will provide additional 

information that may be very helpful in other clinical scenarios, though this is hypothetical 
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since we are not aware of data directly addressing these questions. For example, the 

detection of retinal fluid presence by itself may be insufficient for some retinal specialists to 

recommend treatment/interval change in some circumstances, such as positive but very small 

quantities of fluid (particularly when the fluid is SRF only, is non-central, has remained 

stable over a long period, and/or is assessed to represent non-exudative pathology such as 

degenerative cysts). If adopted widely, algorithms like this might be used in different ways 

in different clinical settings (e.g., clinical trial versus real-world, or even between different 

clinics). For example, different clinical trials, clinics, or individual physicians might apply 

different treatment thresholds. However, an important aim would be for any algorithm to 

produce volume measurements that were accurate, reliable, and consistent with those from 

other validated algorithms. In this way, any difference in treatment decisions would arise 

from physician decision-making rather than inaccuracies from the algorithms themselves.

Other potential uses in clinical practice include helping identify the point of conversion to 

exudative MNV (including from non-exudative to exudative MNV). Some real-world studies 

have demonstrated a substantial delay between OCT-defined conversion to exudative MNV 

and time of first anti-VEGF injection.43 This is presumably at least partially owing to subtle 

signs of exudation being missed.

Potential uses in clinical research

AI algorithms that can automatically identify and quantify retinal fluid volumes may also be 

very useful in clinical research. In clinical trials, they might be useful at three different 

stages: at recruitment, during study visits, and at endpoints. During recruitment, they could 

be used to help assess eligibility. For example, particular trials might seek to recruit eyes 

with SRF only, with retinal volume above or below a certain threshold, or to enrich for type 

3 MNV lesions by recruiting many eyes with IRF only. During study visits, they could be 

used to provide real-time feedback to help assess whether retreatment indications are met, 

depending on the particular study protocol and its approach to IRF and SRF. At trial 

endpoints, they could be used to capture the pre-specified structural outcome measures. As 

described above, quantitative metrics for IRF and SRF are likely to have advantages over 

existing metrics such as CSFT, fluid presence/absence, or maximum height of fluid. They 

could also be used in post hoc analyses to provide a wealth of data towards the identification 

of important biomarkers.

Aside from clinical trials, retinal fluid volume quantification may also be useful in other 

clinical research. They could be used as input and/or output to algorithms (including AI-

based ones) that attempt to analyze and predict many aspects of AMD.19,27,44,45 This 

includes evaluating factors influencing visual outcomes, influencing retreatment 

requirements, and characterizing MNV lesion types. In addition, the metrics lend themselves 

well to structure-function analyses. Analyses that incorporate volumes instead of 

thicknesses, distinguish between fluid and neural tissue volumes, and consider IRF and SRF 

separately (including centrality) are likely to yield improved correlations than those from 

previous attempts. For example, in previous analyses of the HARBOR dataset by the Vienna 

Fluid Monitor, volume/function correlations demonstrated a negative association between 

IRF and visual acuity outcome and a weakly positive association between SRF and visual 
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acuity outcome (when the fluid volumes were measured in the central 1 mm diameter)27. Per 

unit of 100 nl, an increase in IRF was associated with a visual acuity reduction of 4.0 letters, 

whereas an increase in SRF was associated with a visual acuity gain of 1.1 letters. More 

generally, recent studies have already demonstrated the ability of AI approaches to predict 

visual function from OCT retinal structures, in both geographic atrophy and macular 

telangiectasia type 2.46,47 In addition, AI algorithms that identify and quantify non-fluid 

biomarkers such as hyperreflective foci can help predict the development and local 

progression of geographic atrophy.48

Strengths, limitations, and suggestions for future research

The strengths of this review included the large size and broad nature of the data included. 

Importantly, the datasets examined comprised those from both clinical trial settings (with 

defined eligibility criteria and standardized imaging) and real-world settings (with broad 

eligibility criteria). In addition, three of the datasets included retinal volumes from both 

treatment-naïve and consecutive treatment stages. Hence, these data encompass the full 

spectrum of retinal volumes encountered both in routine clinical practice and in clinical 

trials, both before and during treatment. Additional strengths include the inclusion of data 

from both Cirrus and Spectralis OCT images and from two different AI algorithms.

For optimum use of the algorithms to assess potential changes over time, OCT scans should 

ideally have consistent foveal centralization and/or registration. If a circular area of retina is 

analyzed, consistent foveal centralization is sufficient, since ocular torsion will not alter the 

volumes calculated. If a square area of retina is analyzed, registration is preferable. We also 

suggest that, for consistency and standardization between algorithms and studies, algorithms 

should ideally analyze and report one or more pre-specified macular areas, e.g., 6 mm, 3 

mm, and 1 mm diameter circles centered on the fovea.

The two algorithms described here were not designed to distinguish between hyporeflective 

spaces representing fluid exudation versus other pathology such as degenerative cysts, 

tubulations, or cavitations. While hyporeflective spaces representing non-exudative 

pathology will be construed as fluid by the algorithms, any such contributions to the volume 

measurements are likely to be extremely small and relatively constant over time. Even in 

clinical situations, the distinction between degenerative cysts and fluid exudation often 

requires assessment over time and/or response to anti-VEGF treatment. In this context, we 

contend that the use of algorithms to perform automated assessments of fluid volumes could 

be very helpful; plotting volumes graphically would demonstrate small volumes that stay 

relatively stable over time with or without anti-VEGF therapy. In addition, since all areas 

contributing to fluid measurements are annotated and displayed by the algorithms, reviewing 

physicians can inspect them for agreement.

The diversity in datasets and treatment regimens in this study makes it difficult to ascribe 

differences observed between the datasets to specific factors. Also, no data were available 

where the two different algorithms were applied to scans in the same dataset. For this reason, 

it was not possible to present data related to inter-algorithm agreement. Other limitations 

include the absence of treatment-naive retinal volumes in the AREDS2-10Y dataset. For 

these reasons, future research would ideally include any additional AI algorithms and 
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datasets. In particular, applying multiple AI algorithms to the same dataset would permit 

calculation of inter-algorithm agreement. In the future, it might be possible to create a 

standardized dataset, comprising OCT scans from multiple devices, institutions, and clinical/

research settings. This would contain a range of pathology considered representative of the 

full spectrum of neovascular AMD, from multiple ethnicities, e.g. curated according to 

MNV lesion types 1-3 and lesion maturity. If this dataset had accompanying gold standard 

retinal volumes obtained by human expert grading, then existing and new AI algorithms 

could be tested on it, for calibration and comparison with the gold standard and with each 

other. We also recommend test-retest studies where automated measurements are compared 

for OCT scans that were acquired sequentially from the same eye (i.e., second or minutes 

apart), in order to verify that the measurements are very similar.

Despite the demonstration from one pre-specified study that AI-based detection of retinal 

fluid had higher accuracy and substantially higher sensitivity than detection by retinal 

specialists in neovascular AMD9, we are not aware of any studies designed prospectively to 

analyze whether AI-based quantification of retinal fluid alters treatment decisions or visual 

outcomes. We recommend this as an important future area of research.

Another important challenge is to identify a consistent correlation between fluid and 

function. The goal of anti-VEGF therapy is to improve or at least maintain BCVA by 

resolving retinal fluid as efficiently as possible. Visual loss has been shown to follow a delay 

in fluid resolution and/or a lower frequency of retreatment.44 Visual outcomes are highly 

time-sensitive, so objective fluid monitoring using AI tools will facilitate timely intervention 

regimens. Gains and losses in visual function are also driven by the specific location of fluid, 

with several studies providing evidence for a more important role of IRF.19,20,23Yet, only the 

differentiation of fluid compartments by automated segmentation will provide solid evidence 

for what fluid to target most aggressively during therapy.

The two algorithms described here were selected for demonstration purposes. Many other 

algorithms that perform some form of AI-based retinal fluid detection and quantification 

have been reported49–59, though the majority of these represent proof-of-principle studies 

only and many of the algorithms have not undergone extensive validation or clinical 

application. One exception is a deep learning algorithm developed by a collaboration 

between Moorfields Eye Hospital and DeepMind; in the original study, its main aim was to 

perform automated referral recommendations for a range of macular pathologies, with 

automated segmentation of the SD-OCT data into multiple volumes (including IRF and 

SRF) as an intermediate step26. It has subsequently been applied to a large real-world dataset 

of treatment-naive eyes with neovascular AMD60.

Aside from the development and robust validation of algorithms like this, other events and 

factors may be required to bring them to widespread clinical practice. This is analogous to 

the adoption of OCT technology itself. These events might include: early adoption by 

several specialist academic centers and academic reading centers in a research setting 

(perhaps including multi-center clinical trials that compare the visual and other outcomes of 

neovascular AMD with and without automated quantitative assessment of OCT); 

incorporation within in-built OCT software, to make the technology real-time or near real-
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time; regulatory approval (e.g., FDA approval for software as a medical device and CE 

marking); increased awareness of the potential advantages of having these data in the 

clinical community, leading to growing demand; widespread use in many retinal clinics for 

real-world clinical care.

Conclusions

Quantitative measures of IRF, SRF, and potentially PED are important biomarkers in NV-

AMD. We have shown that these can be extracted efficiently and automatically from 

macular OCT scans by two AI-based algorithms, in both clinical trial and real-world 

settings. In addition to measuring IRF, SRF, and PED volumes, these algorithms produce (i) 

heatmaps for the visualization of macular fluid severity and extent, separately for IRF and 

SRF, and (ii) annotated B-scans that are color-coded for IRF and SRF, for physician 

inspection. Automated quantitative measures of retinal fluid volume have substantial 

advantages over manual qualitative assessments, for both clinical practice and research. For 

consistency between studies, we propose the nanoliter as a convenient volumetric unit. 

These approaches help capture the great wealth of quantitative data available from OCT 

imaging and should greatly improve the management of exudative macular diseases in both 

real-world practice and clinical trials.
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Figure 1. Changes over time in retinal fluid volume (sum of intraretinal fluid and subretinal 
fluid) in the three datasets with longitudinal data.
The patients in the two real-world datasets (Belfast and Tel Aviv) were treated with anti-

VEGF therapy according to a mixture of Pro Re Nata (PRN) and Treat and Extend regimens. 

Of the patients in the HARBOR clinical trial, half were randomized to monthly and half to 

PRN treatment. The eligibility criteria also differed between the real-world studies and the 

clinical trial.
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Figure 2. Changes over time in pigment epithelial detachment volume in the three datasets with 
longitudinal data.
The patients in the two real-world datasets (Belfast and Tel Aviv) were treated with anti-

VEGF therapy according to a mixture of Pro Re Nata (PRN) and Treat and Extend regimens. 

Of the patients in the HARBOR clinical trial, half were randomized to monthly and half to 

PRN treatment. The eligibility criteria also differed between the real-world studies and the 

clinical trial.
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Figure 3. Automated detection and quantification of intraretinal fluid (IRF) and subretinal fluid 
(SRF) by the Notal OCT Analyzer (NOA).
Representative examples of Spectralis spectral domain optical coherence tomography (SD-

OCT) scans where the NOA identified the presence of retinal fluid. A representative B-scan 

is shown in each case, demonstrating how the NOA identifies and color-codes IRF (red) and 

SRF (orange) on every B-scan. Also shown for each case are the two ETDRS grid fluid 

thickness maps, one for IRF and one for SRF; these provide rapid visualization of the 

location and extent of fluid separately for each tissue compartment. The total volume of 

intraretinal and subretinal fluid estimated by the NOA is displayed in nanoliters (nl).

A: low total fluid volume (22 nl); B: moderate total fluid volume (136 nl); C: high total fluid 

volume (3,329 nl).
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Figure 4. Automated detection and quantification of intraretinal fluid (IRF) and subretinal fluid 
(SRF) by the Vienna Fluid Monitor.
Representative examples of Spectralis spectral domain optical coherence tomography (SD-

OCT) scans where the Vienna algorithm identified the presence of retinal fluid. A 

representative B-scan is shown in each case, demonstrating how the Vienna algorithm 

identifies and color-codes IRF (red) and SRF (orange) on every B-scan. Also shown for each 

case are the two ETDRS grid fluid thickness maps, one for IRF and one for SRF; these 

provide rapid visualization of the location and extent of fluid separately for each tissue 

compartment. The total volume and the volumes of intraretinal and subretinal fluid 

estimated by the Vienna algorithm is displayed in nanoliters (nl).
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A: low total fluid volume (20 nl; IRF = 0 nl, SRF = 20 nl); B: moderate total fluid volume 

(131 nl; IRF = 74 nl, SRF = 57 nl); C: high total fluid volume (387 nl; IRF = 70 nl, SRF = 

317 nl).
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Table 1.

Characteristics of study eyes in the four datasets.

HARBOR Belfast Tel Aviv AREDS2-10Y

SD-OCT scans (n) of 
eyes(n)

24362 of 1095 4673 of 880 1470 of 132 511 of 511

Anti-VEGF 
treatment status

Baseline (treatment-
naïve) visits and long-
term follow-up

Baseline (treatment-
naïve) visits and 
subsequent visits

Baseline (treatment-
naïve) visits and 
subsequent visits

Subsequent visits only (one per 
eye)

Inclusion criteria Subfoveal neovascular 
AMD

Any neovascular AMD Any neovascular AMD Any neovascular AMD

SD-OCT device Cirrus Spectralis Spectralis Cirrus (n=178) or Spectralis 
(n=333)

Setting Clinical trial Real-world Real-world Clinical trial follow-on

Abbreviations: AREDS2-10Y = Age-Related Eye Disease Study 2 10-Year Follow-On; AMD = age-related macular degeneration; SD-OCT = 
spectral domain optical coherence tomography
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Table 2.

Mean fluid volumes at the baseline visit (treatment-naïve state).

Dataset HARBOR Belfast Tel Aviv – first eyes Tel Aviv – second eyes

Algorithm Vienna Fluid Monitor NOA NOA NOA

Monthly PRN

SD-OCT scans (n) 1095 (1095 eyes) 880 (880 eyes) 95 (95 eyes) 37 (37 eyes)

IRF (nl)

 Mean (SD) 122.6 (200.6) 161.0 (224.0) 153.5 (292.5) 311 (643.8) 76.8 (187.6)

 Range 0.0-1458.7 0.0-1436.9 0.0-2444.9 0.0-3435.3 0.0-1000.2

SRF (nl)

 Mean (SD) 425.4 (563.8) 419.8 (548.8) 179.0 (316.9) 202.8 (357.2) 7.0 (15.9)

 Range 0.0-5017.9 0.0-4303.4 0.0-3183.3 0.0-1728.6 0.0-59.0

PED (nl)

 Mean (SD) 414.8 (466.3) 463.9 (625.0) 787.3 (948.7) 1026.0 (1380.1) 610.9 (763.8)

 Range 0.0-3032.3 0.0-5252.4 0.0-10022.0 0.0-6916.2 0.0-4555.9

Analyzed area (mm2) 28.3 28.3 30.1 41.5 42.0

Abbreviations: IRF = intraretinal fluid; NOA = Notal OCT Analyzer; PED = pigment epithelial detachment; PRN = pro re nata; SD = standard 
deviation; SD-OCT = spectral domain optical coherence tomography; SRF = subretinal fluid
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Table 3.

Mean fluid volumes across visits during the maintenance phase of anti-VEGF therapy.

Dataset HARBOR Belfast Tel Aviv (all) AREDS2-10Y

Algorithm Vienna Fluid Monitor NOA NOA NOA

Monthly PRN

SD-OCT scans (n) 23267 (1095 eyes) 3793 (880 eyes) 1338 (132 eyes) 511 (511 eyes)

IRF (nl)

 Mean (SD) 21.3 (158.3) 26.8 (133.6) 47.0 (177.1) 100.0 (286.0) 42.5 (194.9)

 Range 0.0-3791.6 0.0-2961.3 0.0-4029.4 0.0-2983.3 0.0-1905.7

SRF (nl)

 Mean (SD) 29.8 (119.8) 48.0 (171.4) 48.9 (156.9) 48.1 (188.5) 21.4 (123.2)

 Range 0.0-1665.9 0.0-3594.9 0.0-2155.1 0.0-2352.1 0.0-1865.6

PED (nl)

 Mean (SD) 159.4 (292.0) 225.7 (380.4) 602.5 (633.3) 718.4 (840.1) 618.2 (637.9)

 Range 0.0-6573.2 0.0-4842.7 0.0-8528.8 0.0-7264.5 0.0-5775.8

Mean analyzed area (mm2) 28.3 28.3 31.2 41.9 35.4

Mean follow-up (months) 24 24 19.3 34.6 N/A

Abbreviations: AREDS2-10Y = Age-Related Eye Disease Study 2 10-Year Follow-On; IRF = intraretinal fluid; NOA = Notal OCT Analyzer; PED 
= pigment epithelial detachment; PRN = pro re nata; SD = standard deviation; SD-OCT = spectral domain optical coherence tomography; SRF = 
subretinal fluid
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