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ABSTRACT

Introduction: The aim of this study was to
develop a statistical model to determine the
visual significance of subretinal fluid (SRF) in
combination with other constructed optical
coherence tomography (OCT) features in
patients with wet age-related macular
degeneration.

Methods: The project used labelled data from
1211 OCTs of patients with neovascular macu-
lar degeneration (nAMD) attending the macular
treatment centre of Manchester Royal Eye
Hospital to build a statistical model to deter-
mine vision for any virtual, constructed OCT. A
four-dimensional plot was created to represent
the visual impact of SRF in OCTs in the context

Supplementary Information The online version
contains supplementary material available at https://
doi.org/10.1007/s40123-020-00327-w.

T. M. Aslam (D<) - S. Mahmood - D. C. Hoyle
School of Pharmacy and Optometry, Faculty of
Biology, Medicine and Health, The University of
Manchester, Manchester, UK

e-mail: Tarig.aslam@cmft.nhs.uk

T. M. Aslam - S. Mahmood
Manchester Royal Eye Hospital, NHS Central
Manchester University Hospitals, Manchester, UK

K. Balaskas

NIHR Biomedical Research Centre at Moorfields Eye
Hospital NHS Foundation Trust and UCL Institute of
Ophthalmology, London, UK

of the associated OCT characteristics of atrophy
and subretinal hyperreflective material (SHRM).
Results: The plot illustrates that at levels of SRF
below 150 pm, the impact of SRF on vision is
very low. Increasing the amount of fluid to
200 um and beyond increases the impact on
vision, but only if there is little atrophy or
SHRM.

Conclusions: This study suggests that levels of
SRF up to around 150 pm thickness on OCT
have minimal impact on vision. Greater levels
of SRF have greater impact on vision, unless
associated with significant amounts of atrophy
or SHRM, when the additional effect of the SRF
on vision remains low.

Keywords: Image analysis; Macular
degeneration; Optical coherence tomography;
Subretinal fluid
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Key Summary Points

Why carry out this study?

Evidence is growing that fluid in wet
macular degeneration can have a different
impact on vision depending on its
location, but little is known how this is
affected by other co-existing retinal
changes.

In this study we used statistical modelling
of retrospective data to determine the
particular visual impact of subretinal fluid
(SRF), notably with differing amounts of
subretinal hyperreflective material
(SRHM) and atrophy.

What was learned from the study?

We found that SRF of 150 um or less has
only minimal impact on vision whatever
the levels of atrophy or SRHM.

With SRF greater than 150 um, there is an
increasing impact (as long as there is no
associated SHRM or atrophy).

If there is increasing SRHM and atrophy,
the impact of SRF is again reduced to zero.

These findings may be used to guide
retreatment decisions aiming to optimise
patient vision with minimum injections.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.13379714.

INTRODUCTION

Optical coherence tomography (OCT) scans are
essential tools for the investigation of many

forms of retinal disease including neovascular
age-related macular degeneration (nAMD).
Recent OCT studies have explored the visual
impact of specific nAMD features including
pigment epithelial detachments [1], subretinal
fibrosis [2] and subretinal fluid (SRF) [3, 4].
There is particular interest in the role of SRF and
how its presence should affect decision-making
for retreatment of nAMD; where intraretinal
fluid (IRF) has long been associated with loss of
vision and need for treatment [5], recent evi-
dence suggests that tolerating certain levels of
SRF alone without treatment causes no impact
on vision [4] and may even be a marker of better
prognosis [6]. Given the invasive and expensive
nature of anti-VEGF (vascular endothelial
growth factor) treatment of nAMD, such find-
ings could have major socio-economic as well as
health implications, and during conditions
such as the COVID-19 pandemic, such infor-
mation may help limit exposure from frequent
intravitreal therapy visits. However, in practice,
SRF does not exist in isolation, and its impact is
complicated by other associated features of
nAMD such as hyperreflective material, atrophy
and external limiting membrane disruption.
Knowledge of structure-function relationships
can predict the visual impact of certain OCT
changes [7-9], but this important impact of SRF
in the context of multiple associated OCT
findings has yet to be determined and is unli-
kely to be addressed in conventional clinical
trials.

In the current study we develop a statistical
model to determine the effect of different
amounts of SRF on visual function, in combi-
nation with varying levels of OCT atrophy and
subretinal hyperreflective material. Whilst pre-
dicting small changes in vision for individual
patients would inevitably be limited by pro-
portionally high levels of random patient-to-
patient variation, we can still estimate the
average impact of SRF on vision with different
co-pathologies. In this study, therefore, we
construct a statistical model to obtain as accu-
rate as possible an estimate of this mean beha-
viour. This information may provide some
guidance to aid decisions on patient
retreatment.
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METHODS

We first use real-world data to develop a statis-
tical model that can predict visual acuity from
specific input data from OCT measurements.
We then modulate the input data to recreate
clinical instances of varying levels of SRF asso-
ciated with controlled amounts of co-patholo-
gies and examine the outputs from the model.

Development of a Statistical Model

The first stage of this project utilised retrospec-
tive data described in detail in a previous pub-
lication, obtained by taking specific structural
measurements from 1211 OCTs of patients with
nAMD attending the macular treatment centre
of Manchester Royal Eye Hospital, as well as
corresponding patient visual acuity [10]. Par-
ticipants comprised all consecutive patients
diagnosed with wet age-related macular degen-
eration (WAMD) who attended the centre for
treatment, and included all stages of wAMD.

We used the data from measurements on the
OCTs to develop a statistical model whereby the
vision associated with any OCT scan could be
estimated by calculations on these measures of
key OCT structures. We only used OCT mea-
sures that could be independently varied with-
out necessarily affecting other measures, to
prevent potentially conflicting inputs. Specifi-
cally, we removed the automated macular
thickness measure from the model, as this input
information might conflict with various retinal
thickness measures which we would be con-
trolling for in the study.

The exact measurements of the OCT struc-
ture that we used as input values for our statis-
tical model were measured by the vertical
thickness at the centre of the fovea (confirmed
by fundus image) of the following anatomical
OCT components: neuro-retina, subretinal
hyperreflective material (SHRM), SRF, subretinal
pigment epithelial (sub-RPE) fibrotic hyper-
reflective material, sub-RPE fluid and choroidal
thickness. Furthermore, in the absence of aut-
ofluorescence imaging, and in keeping with the
other OCT measures, the level of atrophy at the

centre of the fovea was represented as the ver-
tical extent of choroidal shadow for input to the
model. Finally, expert assessment of the
patency of the external limiting membrane
(ELM) at the fovea, profile of the retina at the
fovea (concave or non-concave), number of
intraretinal cysts in the central 1 mm and the
age of the patient were also used as input mea-
sures to develop the model. The visual acuity
(number of ETDRS letters) of the patient was
used as the outcome characteristic for the
model to predict.

The precise mathematical form of this sta-
tistical model is given in the supplementary
information. Within the statistical model there
is a parameter associated with each clinical
input value described above—that parameter
quantifies the impact of the clinical variable on
visual acuity. Values for these parameters were
determined using non-linear least squares fit-
ting to the sample data, performed using the
MATLAB (MATLAB R2020a, Optimization
Toolbox R2020a, and Statistics and Machine
Learning Toolbox R2020a, The MathWorks Inc.,
Natick, MA, USA). Confidence intervals (95%)
and associated p values for the parameters were
determined assuming asymptotic normality
(large-sample approximation of the parameter
standard errors) and are given in Table 1 [11].

Determining the Impact of SRF Using
the Statistical Model

Having constructed the statistical model, we
used it to determine the visual impact of sub-
retinal fluid in clinical scenarios where there
were co-pathologies of SHRM and atrophy but
no co-existing intraretinal fluid that would
necessarily require treatment. These are hypo-
thetical scenarios that are able to be recreated
using our model. A first calculation was for
visual acuity when the level of subretinal fluid is
set to zero, evaluated for a range of SHRM and
atrophy values such that every combination
from O to 500 um thickness for each measure in
50 um steps was determined. For these artificial
OCT conditions, the number of intraretinal
cysts was set to zero to represent the clinically
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Table 1 Estimates and 95% confidence intervals for the clinically relevant model parameters

Variable Parameter value 95% CI lower 95% CI upper p value

Age —0.0087 —0.0149 —0.0025 0.003
Foveal contour —0.1771 —0.3278 —0.0264 0.011
Retinal thickness 0.0011 0.0003 0.0020 0.003
Subretinal fibrosis —0.0049 —0.0065 —0.0033 6.01 x 107
Subretinal fluid —0.0013 —0.0022 —0.0004 0.003
Sub-RPE fibrosis —0.0035 —0.0047 —0.0022 720 x 1078
Sub-RPE fluid —0.0001 —0.0005 0.0004 0.400
Choroidal thickness 0.0060 0.0036 0.0084 438 x 107°
Atrophy level —0.0034 —0.0045 —0.0022 9.32 x 1077
ELM intact 1.2813 0.9799 1.5826 <10 x 107®
No. of cysts —0.1264 —0.1726 —0.0802 415 x 1078

Note: a concave retinal profile at the fovea was coded as —1, whilst a non-concave profile was coded as 0. An intact ELM was

coded as 1, whilst the ELM not being intact was coded as 0

RPE retinal pigment epithelial, ELM external limiting membrane

required scenario of no intraretinal fluid. ELM
was set to not intact and retinal profile to
default concave, as these were the modal values
in the data. The parameters of age and retinal
thickness were set to their mean values of
80.3 years and 171.3 um, respectively. Values
for choroidal thickness, sub-RPE fluid and sub-
RPE fibrosis were also set to mean values of
140.6 pm, 29.5 pm and 28.8 um, respectively.

A second calculation then determined the
level of vision in another hypothetical scenario
when all the above parameters were set exactly
as before except the subretinal fluid, which was
set to a variety of different levels from 50 to
500 pm.

Finally, we were able to compare these two
hypothetical scenarios to determine the differ-
ence in levels of vision between these two cal-
culations. This difference represents the vision
change between the two scenarios, i.e., when
the varying levels of subretinal fluid are present
or completely absent, for each specific combi-
nation of atrophy and subretinal hyperreflective
material. This calculation produced a four-di-
mensional matrix containing information on

the expected vision change in all combinations
of a range of atrophy levels and subretinal
hyperreflective material, when influenced by
varying degrees of subretinal fluid.

The numerous dimensions of information
were represented using a four-dimensional
plot—this plot represented the visual impact of
SRF in OCTs in the context of three additional
dimensions of associated OCT characteristics:
amount of SRF, atrophy and SHRM. In addition,
a three-dimensional plot was created where the
amount of SRF was kept at a constant arbitrary
level of 400 pm to allow more graphical detail to
be presented on the impact of changing levels
of atrophy and SHRM.

Compliance with Ethics Guidelines

The project was institutionally approved as ret-
rospective anonymised data analysis by the
Research and Development office of the
Manchester University NHS Foundation Trust
(Approval Number: R03712) and adhered to the
Declaration of Helsinki.
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RESULTS

Development of a Statistical Model

In our study, we used a total of 1211 scans to
develop our model. The total number of
patients included was 306. One hundred and
eleven patients provided 1011 scans from mul-
tiple visits (96 from one eye and 10 from both
eyes). The remaining 200 patients each pro-
vided a single scan from one eye and one visit.
There were 721 scans from female patients and
490 from male patients. The mean patient age
in the dataset was 80.3 years.

The statistical model was fitted to the sample
data described above. The coefficient of corre-
lation (R) for the fitted model was 0.821. The
root-mean-square error (RMSE) of the fitted
model was 9.3 letters. The 95% confidence
intervals and p values for each of the parameters
associated with the clinical input variables are
shown in Table 1 below. As can been seen from
Table 1, all but the amount of sub-RPE fluid
have a statistically significant effect on the
visual acuity (at the o« = 0.05 level).

Determining the Impact of SRF Using Our
Statistical Model

The fitted model was used to estimate the mean
impact on vision from changing the level of
subretinal fluid in the context of varying asso-
ciated OCT findings. The four-dimensional plot
in Fig. 1 illustrates the algorithmic estimations
of the visual impact of SRF with regard to dif-
ferent OCT characteristics.

It can be noted from Fig. 1 that at all levels of
SRF at or below 150 pum, the impact of SRF on
vision is very low. Increasing the amount of
fluid up to 200 ym and beyond increases the
impact on vision. At this level, if there is no
atrophy or SHRM, SRF does have an increasing
impact on vision according to the predictions
from our model. However, for this same level of
SRF, if there are increases in either or both levels
of atrophy and SHRM, the impact on vision is
again reduced. Indeed, even when there is
400 um of subretinal fluid, if this is com-
pounded by 250pum of either SHRM or

choroidal shadow (representing atrophy), the
impact on vision returns to near zero. Anima-
tions demonstrating the effect with varying
amounts of SRF are provided in the supple-
mentary material.

Figure 2 shows this relationship in standard
three dimensions, where the change in the
amount of subretinal fluid is kept constant at
400 pm. Thus, when considering a change from
a fixed amount of 400 pm of subretinal fluid to
no subretinal fluid, it can be seen that increas-
ing levels of atrophy and SHRM reduce the
impact of the subretinal fluid on vision.

DISCUSSION

In this study we develop a statistical model to
determine the impact of subretinal fluid on
vision. Although relatively simple, the model is
capable of capturing the non-linear nature of
how the ETDRS score responds to various clin-
ical features, as well as some of the interactions
between those features. As part of this study we
also utilised more complex modelling tech-
niques, such as single hidden-layer neural net-
works, to predict the ETDRS score (results not
shown). However, we found that for this sample
dataset, the optimal neural network size (de-
termined from cross-validation analysis of the
prediction accuracy) consisted of just a single
hidden node, resulting in a model that is
essentially of the same form as that presented.
Therefore, we do not present the more complex
model for this dataset.

Using our model to predict vision loss, we
not only vary the depth of subretinal fluid, but
also increase or decrease values for commonly
associated clinical features of hyperreflective
material depth and amount of RPE atrophy. The
impact on vision is calculated for many com-
pound combinations of these clinical features
associated with subretinal fluid. Representing
all this information in graphical form shows
how the different combinations of OCT features
influence the impact of SRF on vision. The
predicted vision from this study is used to
demonstrate general trends for populations
rather than to predict the vision of a specific
individual. Ultimately, many clinical trials may
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Fig. 1 Four-dimensional plot of projected visual impact of
subretinal fluid, with varying levels of the subretinal fluid,
subretinal hyperreflective material and atrophy when the
external limiting membrane is not intact. Legend on right
shows the number of letters of visual loss associated with
each colour/size of dot. The location of each dot represents
the parameters of the amount of SRF on an OCT (Y axis)
and amount of atrophy and SRHM (horizontal axes). The
size and colour of each dot represent the level of visual
acuity lost when that amount of SRF is present on an
OCT compared to no SRF present, with those associated
levels of atrophy and SRHM. Thus if we take the
condition of no SRHM and no atrophy, we can sce that
for 250 um of SREF, the dot is green and of an intermediate
size—indicating that around 6 letters of vision would be

be needed to further explore the implications
for each of the models before they can be
definitively proven. In the interim, the infor-
mation should be useful to guide clinicians as to
whether SRF is deleterious to vision in each of
the wide variety of clinical scenarios explored
by this model.

Our study represents a novel approach pro-
viding detail and depth to the debate within the
retinal scientific community around the
importance of treating SRF with anti-VEGF
injections. Consensus exists on the need to treat
IRF on all occasions, as it represents a destruc-
tive process for the neuro-retina, and therefore,
for this study’s algorithms, values for

Atrophy(pum)

lost by this amount of fluid in that scenario. If we observe
the values for when SRF is 400 pm, then when atrophy
and SHRM are zero (see top right of image), the impact of
that 400 pm of SRF is around 9 letters. If we wanted to
observe the effect from this point of an increase in the
amount of SHRM, this would be represented by moving
along the SHRM axis (towards the top left of the image).
On doing this we see the colour of the dots turn towards
more green/ blue. From the scale it is apparent, therefore,
that the impact on vision of this same 400 pm of fluid has
now decreased, to around 6 letters. The same happens if we
start from where there is no SHRM or atrophy (top right
of image) and increase the levels of atrophy by moving
along the atrophy axis. The colours similarly tend towards
indicating a smaller impact on vision as atrophy increases.

intraretinal fluid were set to zero. Conversely,
recent research has shown that patient groups
where SRF was tolerated up to 200 pm produced
equivalent results to groups with more intensive
treatment aiming for resolution of all SRF [6].
Such recent evidence and sub-analysis of data
from clinical trials have engendered a more
nuanced approach to the interpretation of SRF,
giving rise to further questions on the effect of
varying levels of SRF and co-pathologies that
clinical trials are not well positioned to answer.

The graphs created in our study, however, do
provide additional guidance on the effect on
vision of different amounts of SRF with associ-
ated pathologies. From Fig. 1, it can be seen that
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Fig. 2 Detailed three-dimensional plot of projected visual impact of 400 pm of subretinal fluid with varying levels of

atrophy and subretinal hyperreflective material when the external limiting membrane is not intact

SRF of 150 pm or less has only minimal impact
on vision whatever the levels of atrophy or
SRHM. With more than 150 um, there is an
increasing impact as long as there is no associ-
ated SHRM or atrophy. However, with increas-
ing SRHM and atrophy, the impact of SRF is
again reduced to zero—even at levels of SRF
over 200 pum.

It may be postulated that SRF, when associ-
ated with these characteristics, is more likely to
be caused by RPE pump failure and therefore
less directly responsible for vision loss. Alter-
natively, the presence of significant atrophy
and SHRM are themselves highly detrimental to
visual function, and perhaps any additional
negative impact from SRF is relatively minimal
and thus does not impact substantially on
vision.

Limitations of the research inevitably arise
from the design of the study using retrospective
images and semi-automated input measures
feeding a statistical model for estimating vision
from OCT scans. All the manual aspects of OCT
measurement are prone to error, and as with all
statistical models, inferences can only be made
for similar patient samples—although we
examined a large number of patients and pro-
vide basic epidemiological data, finer detailed

information would help provide further evi-
dence for the external validity of our model.
Furthermore, it may be the case that additional
OCT measures to ones we used could lead to
improved accuracy of our model. Future studies
will investigate a broader range of more auto-
mated measures.

Finally, we acknowledge fundamental
assumptions that limit validity in that the cal-
culated change in vision does not necessarily
represent the improvement that would be
gained if any particular patient had treatment
until all the nominated levels of SRF were
gone—in practice, other aspects of the OCT
might also change with each treatment, or SRF
might not even be affected by treatment.

Despite limitations, however, the study pro-
vides insight into the trends of the effect of SRF
on vision. It is useful, despite limitations,
because of the difficulty in obtaining the
information from controlled prospective stud-
ies—the large number of patients to satisfy each
subcategory of OCT feature combination would
likely render such studies too expensive to be
viable, and there are no data available from
such prospective clinical studies.
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CONCLUSIONS

This study uses three- and four-dimensional
graphs to represent the impact of SRF in differ-
ent OCT scenarios. This is an important ques-
tion in routine care of nAMD patients but has
not been answered from alternative studies and
is unlikely to emerge from standard clinical
trials. Based upon the results of this study, it
could be suggested that there is a limited effect
of SRF on vision for levels of SRF up to around
150-200 um thickness on OCT. Greater levels of
SRF could potentially also have a limited effect
on vision if associated with significant amounts
of atrophy or SHRM.

This work could provide a unique source of
information for clinicians to determine the
impact of SRF on vision in patients with nAMD.
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