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IMPORTANCE Large amounts of optical coherence tomographic (OCT) data of diabetic
macular edema (DME) are acquired, but many morphologic features have yet to be identified
and quantified.

OBJECTIVE To examine the volumetric change of intraretinal fluid (IRF) and subretinal fluid
(SRF) in DME during anti–vascular endothelial growth factor treatment using deep learning
algorithms.

DESIGN, SETTING, AND PARTICIPANTS This post hoc analysis of a randomized clinical trial, the
Diabetic Retinopathy Clinical Research Network (protocol T), assessed 6945 spectral-domain
OCT volume scans of 570 eyes from 570 study participants with DME. The original trial was
performed from August 21, 2012, to October 18, 2018. This analysis was performed from
December 7, 2017, to January 15, 2020.

INTERVENTIONS Participants were treated according to a predefined, standardized protocol
with aflibercept, ranibizumab, or bevacizumab with or without deferred laser.

MAIN OUTCOMES AND MEASURES The association of treatment with IRF and SRF volumes and
best-corrected visual acuity (BCVA) during 12 months using deep learning algorithms.

RESULTS Among the 570 study participants (302 [53%] male; 369 [65%] white; mean [SD]
age, 43.4 [12.6] years), the mean fluid volumes in the central 3 mm were 448.6 nL (95% CI,
412.3-485.0 nL) of IRF and 36.9 nL (95% CI, 27.0-46.7 nL) of SRF at baseline and 161.2 nL
(95% CI, 135.1-187.4 nL) of IRF and 4.4 nL (95% CI, 1.7-7.1 nL) of SRF at 12 months. The
presence of SRF at baseline was associated with a worse baseline BCVA Early Treatment
Diabetic Retinopathy Study (ETDRS) score of 63.2 (95% CI, 60.2-66.1) (approximate Snellen
equivalent of 20/63 [95% CI, 20/50-20/63]) in eyes with SRF vs 66.9 (95% CI, 65.7-68.1)
(approximate Snellen equivalent, 20/50 [95% CI, 20/40-20/50]) without SRF (P < .001) and
a greater gain in ETDRS score (0.5; 95% CI, 0.3-0.8) every 4 weeks during follow-up in eyes
with SRF at baseline vs 0.4 (95% CI, 0.3-0.5) in eyes without SRF at baseline (P = .02) when
adjusted for baseline BCVA. Aflibercept was associated with greater reduction of IRF volume
compared with bevacizumab after the first injection (difference, 79.8 nL; 95% CI, 5.3-162.5
nL; P < .001) and every 4 weeks thereafter (difference, 10.4 nL; 95% CI, 0.7-20.0 nL;
P = .004). Ranibizumab was associated with a greater reduction of IRF after the first injection
compared with bevacizumab (difference, 75.2 nL; 95% CI, 1.4-154.7 nL; P < .001).

CONCLUSIONS AND RELEVANCE Automated segmentation of fluid in DME revealed that the
presence of SRF was associated with lower baseline BCVA but with good response to
anti–vascular endothelial growth factor therapy. These automated spectral-domain OCT
analyses may be used clinically to assess anatomical change during therapy.
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T he pathomechanisms of diabetic macular edema (DME),
a common and visually detrimental complication of dia-
betic retinopathy (DR), are still not completely under-

stood. Some of the most important signaling molecules in-
volved in the process of DR, such as vascular endothelial growth
factor (VEGF), interleukin 6, interleukin 10, tumor necrosis fac-
tor α, osteopontin, monocyte chemotactic protein 1, or inter-
cellular adhesion molecule 1, have been identified.1-4 How-
ever, the sequence of events that ultimately leads to the
accumulation of intraretinal fluid (IRF) and subretinal fluid
(SRF) remains to be elucidated.

Anti-VEGF therapy has proved to be effective in the treat-
ment of DME, and multiple randomized clinical trials have found
functional gains and superiority compared with laser treat-
ment in eyes with DME.5-12 The Diabetic Retinopathy Clinical
Research Network, now called the DRCR Retina Network, con-
ducted a multicenter randomized clinical trial (protocol T) to
compare the efficacy of the 3 most commonly used anti-VEGF
agents: ranibizumab, bevacizumab, and aflibercept.13 The study
also provided data on the prognostic value of baseline visual acu-
ity and central retinal subfield thickness for functional gains dur-
ing therapy.14 Furthermore, the study produced large amounts
of imaging data, providing valuable information about retinal
anatomical changes during standardized therapy. However,
many morphologic features have yet to be evaluated.

Artificial intelligence (AI) has recently become available to
a larger community of researchers worldwide owing to im-
provements in computer hardware and software and repre-
sents a breakthrough in big data management. Deep learning
algorithms are a novel AI-based approach toward automated
image analysis and allow evaluation of large amounts of data,
such as spectral-domain optical coherence tomography (SD-
OCT) volume scans.15 Because IRF and SRF are associated with
DME, automated and objective quantification is essential not
only for a more profound understanding of the disease but also
for objective evaluation of treatment efficacy (ie, resolution
of IRF and SRF). The purpose of this study was to automati-
cally identify and quantify SRF and IRF during 12 months and
their association with best-corrected visual acuity (BCVA) using
SD-OCT data from the DRCR.net protocol T trial.

Methods
Patient Population, Study Inclusion, and Treatment
We performed a post hoc analysis of a multicenter random-
ized clinical trial (DRCR.net protocol T trial [NCT01627249])
and included 570 study eyes of 570 patients. Of the 660 eyes
included in the original study, 90 eyes were not included in
this analysis because either time-domain OCT imaging had
been performed (n = 60) or because of low image quality of SD-
OCT images at baseline (n = 30). The original study was per-
formed from August 21, 2012, to October 18, 2018. This analy-
sis was performed from December 7, 2017, to January 15, 2020.
The trial adhered to the Declaration of Helsinki,16 and all par-
ticipants provided written informed consent before inclu-
sion; data were deidentified. A detailed description of the meth-
ods for DRCR.net protocol T and statistical analysis plan has

been published elsewhere.13 Anonymized SD-OCT volume im-
ages and clinical information assessed every 4 weeks for 1 year
were included in the analysis. Main outcome measures, inclu-
sion and exclusion criteria, and study examinations have been
reported previously.13 Thus, only procedures relevant for the
analysis of this study are described. Approval for this post hoc
analysis was obtained from the ethics committee at the Medi-
cal University of Vienna.

Image Processing
The preprocessing steps contained automatic alignment and
registration of the SD-OCT scans to obtain anatomical corre-
spondence of all included volumes and an automatic segmen-
tation of fluid compartments in the scans. An intrapatient reg-
istration was performed in all follow-up SD-OCT scans using
vessel structures followed by interpatient registration at the
full cohort level by centering the scans around the fovea as de-
scribed previously.17 We validated the correctness of registra-
tion in all cases by overlaying the en face projections of
follow-up scans and by validating the correct placement of fo-
vea position. A deep learning convolutional neural network ap-
proach was applied, which classifies voxels as background, IRF,
or SRF, as reported previously.18 Accuracy and reproducibil-
ity of the algorithm have been described previously, and the
fluid quantification during anti-VEGF therapy was applied in
a large population of patients with neovascular age-related
macular degeneration.19 The IRF was defined as round, non-
reflective to minimally reflective spaces (cysts) within the neu-
roretina, and SRF was defined as areas of nonreflective space
between the posterior boundary of the neuroretina and the reti-
nal pigment epithelium. Diffuse retinal thickening was not
taken into account. IRF and SRF volumes were computed for
the central fovea (circle with a 1-mm diameter) and for the
parafovea (ring between 1 and 3 mm surrounding the fovea).
The IRF in the fovea, SRF in the fovea, IRF in the parafovea,
and SRF in the parafovea were measured. By applying the pre-
processing steps on the entire longitudinal data set, indi-
vidual series of fluid compartments receiving treatment com-
pared with the entire cohort were obtained.

Key Points
Question Is it possible to automatically quantify intraretinal and
subretinal fluid in eyes with diabetic macular edema using a deep
learning algorithm in large optical coherence tomographic data
sets and evaluate the associations of anti–vascular endothelial
growth factor treatment with intraretinal and subretinal fluid
volumetric changes?

Findings In this post hoc analysis of a randomized clinical trial in
which intraretinal and subretinal fluid was quantified using a fully
automated algorithm, aflibercept and ranibizumab were
associated with a greater reduction of intraretinal fluid than was
bevacizumab. No difference among anti–vascular endothelial
growth factor agents was observed regarding reduction of
subretinal fluid.

Meaning Automated quantification of intraretinal and subretinal
fluid may be an objective approach to assess the effect of
treatment for diabetic macular edema.
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Statistical Analysis
On the basis of the previously reported significant effect of
baseline BCVA in the treatment group comparison at 12
months, we chose to perform separate analyses for eyes with
better (Early Treatment Diabetic Retinopathy Study [ETDRS]
score ≥69; equivalent to Snellen ≥20/40) and worse (ETDRS
score <69; equivalent to ≤20/50) BCVA at baseline in addi-
tion to the analysis of all study eyes.13 To assess changes in
BCVA and fluid volume over time, we used the framework of
linear repeated-measures mixed-effects models.20 These
models allow an estimation of mean effects while account-
ing for the correlation between the repeated measurements
of each patient. Considering that change over time was not
linear, we used a piecewise linear model with the split point
at the first follow-up visit, resulting in separate slopes for the
first visit and the follow-up visits. This approach allowed us
to capture the rapid changes in BCVA and fluid that occurred
after the first anti-VEGF treatment more accurately than in a
simple linear model.

Fixed effects contain the intercept and the 2 slope covar-
iates. Depending on the research question, additional covar-
iates were added and 3 models were calculated: (1) continu-
ous variables of IRF in the fovea, SRF in the fovea, IRF in the
parafovea, and SRF in the parafovea to determine the effect
of fluid on vision, (2) the categorical variable of SRF at base-
line (yes or no) to assess treatment response for the 2 groups,
and (3) anti-VEGF agents (bevacizumab, ranibizumab, or
aflibercept) to contrast the effect of agents on BCVA and fluid
reduction. These 3 models were chosen to analyze in detail the
most important and clinically relevant surrogate parameters
for function (ie, ETDRS letter score) and retinal morphologic
features (IRF and SRF) as well as the effects of different anti-
VEGF agents.

In the random-effects structure, we included the inter-
cept and both slopes, accounting for patient-specific BCVA and
fluid volumes at the first visit (random intercept) and their
change during treatment (random slopes). The mixed-effects
framework allows an interpretation of the fixed-effects covar-
iates as population mean effects in a similar way as covariates
in ordinary linear regression. All parameters were deter-
mined by restricted maximum likelihood. Residual plots were
used to validate the models’ assumptions. Goodness of fit was
measured using coefficient of determination (R2) for mixed-
effects models21,22 that consist of marginal R2, considering vari-
ance explained by fixed effects only, and conditional R2, con-
sidering both fixed and random effects. The 95% CIs were
obtained by bootstrap sampling with 500 simulations. Both
t statistics and P values were calculated based on Satter-
thwaite approximations.23 A 2-sided P < .05 was considered
statistically significant. All computation was performed with
R software, version 3.4.2 (R Foundation for Statistical Com-
puting) using lme4 package, version 1.1.18.1).24

Results
In this post hoc analysis, we included 6945 SD-OCT volume
scans of 570 eyes of 570 patients with DME (302 [53%] male;

mean [SD] age, 43.4 [12.6] years). Of the 570 participants, 369
(65%) were white, 93 (16%) were African American, 87 (15%)
were Hispanic, 7 (1%) were Asian, 6 (1%) were of more than 1
race/ethnicity, 4 (<1%) were Pacific Islanders, 3 were of un-
known race/ethnicity (<1%), and 1 (<1%) was American
Native. A total of 92 follow-up scans (1.3%) were excluded be-
cause of failed preprocessing attributable to inferior image qual-
ity or acquisition errors. At baseline, all 570 eyes (100%) had
IRF and 235 (41%) had SRF. A total of 86 of 190 (45%) eyes in
the aflibercept group, 77 of 188 eyes (41%) in the ranibizumab
group, and 72 of 192 (38%) eyes in the bevacizumab group had
SRF at baseline. At month 12, a total of 452 of 514 eyes (88%)
still had IRF, and 82 of 514 eyes (16%) had SRF. The mean fluid
volumes in the central 3 mm were 448.6 nL (95% CI, 412.3-
485.0 nL) of IRF and 36.9 nL (95% CI, 27.0-46.7 nL) of SRF at
baseline and 161.2 nL (95% CI, 135.1-187.4 nL) of IRF and 4.4
nL (95% CI, 1.7-7.1 nL) of SRF at 12 months. Visual acuity and
IRF and SRF volumes at baseline and month 12 are listed in
Table 1.

Table 2 provides the association between change in BCVA
and change in IRF and SRF based on the location (central 1 mm
vs parafovea) during 1 year. Our random-effects model re-
sulted in a marginal R2 of 0.146 and a conditional R2 of 0.885.
For every 10-nL reduction of IRF and SRF in the central 1 mm,
BCVA will improve by a mean of 0.15 (95% CI, 0.10-0.20) and
0.34 (95% CI, 0.18-0.52) in ETDRS letter score. For every 10-nL
reduction of IRF and SRF in the parafovea, BCVA will im-
prove by a mean of 0.04 (95% CI, 0.03-0.06) and will de-
crease by 0.03 (95% CI, 0.04-0.09) in ETDRS letter score. Thus,
presence of fluid in the parafovea did not seem to have clini-
cally relevant effects on BCVA.

All anti-VEGF agents had an effect on fluid volume
(Table 3); however, differences were noted in the associa-
tions between different anti-VEGF agents and IRF reduction
(eFigure in the Supplement). Aflibercept was associated with
greater reduction of IRF volume compared with bevaci-
zumab after the first injection (difference, 79.8 nL; 95% CI, 5.3-
162.5 nL; P < .001) and every 4 weeks thereafter (difference,
10.4 nL; 95% CI, 0.7-20.0; P = .004). Ranibizumab was asso-
ciated with a greater reduction of IRF after the first injection
compared with bevacizumab (difference, 75.2 nL; 95% CI, 1.4-
154.7; P < .001), with only a borderline difference thereafter
(difference, 6.3 nL; 95% CI, 2.9-16.1; P = .07). No difference be-
tween aflibercept and ranibizumab was identified. Further-
more, no difference was found in the reduction of SRF among
the anti-VEGF agents identified.

The presence of SRF at baseline was associated with a
worse baseline BCVA of 63.2 (95% CI, 66.1-60.2) ETDRS let-
ter score (approximate Snellen equivalent of 20/63 [95% CI,
20/50-20/63]) in eyes with SRF vs 66.9 (95% CI, 65.7-68.1)
ETDRS letter score (approximate Snellen equivalent of 20/50
[95% CI, 20/40-20/50]) without SRF (P < .001) and a greater
gain in ETDRS letter score (0.5 [95% CI, 0.3-0.8] every 4
weeks in eyes with SRF vs 0.4 [95% CI, 0.3-0.5] in eyes with-
out SRF at baseline; P = .02) when adjusted for baseline
BCVA.

Eyes with SRF also had more IRF volume at baseline (dif-
ference, 95.3%) and a higher reduction of IRF after the first anti-
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VEGF injection (Table 4). At month 12, no difference was iden-
tified in BCVA or IRF volume between eyes with and without

SRF at baseline (Table 4). At month 12, SRF volumes in eyes
with persistent SRF were too small to compute a robust model.

Table 1. BCVA, IRF, and SRF in All Study Eyes and in the High and Low VA Groups

Variable

Mean (95% CI) P valuec

Better and worse
baseline VA
(n = 570)

Better baseline VAa

(n = 298)
Worse baseline VAb

(n = 272)
Mean BCVA at
baseline, ETDRS
score [Snellen
equivalent]

65.3 [20/50] (66.2 to
64.4)

73.3 [20/40] (74.1 to
72.5)

56.9 [20/80] (58.9 to
54.9)

NA

Mean BCVA at 1 y,
ETDRS score
[Snellen equivalent]

77.2 [20/32] (78.1 to
76.2)

82.3 [20/25] (83.5 to
81.1)

73.7 [20/32] (76.6 to
70.8)

<.001

BCVA change

First 4 wk 6.0 (5.4 to 6.6) 4.2 (3.4 to 5.0) 8.5 (6.6 to 10.6) <.001

Every 4 wk 0.5 (0.4 to 0.5) 0.3 (0.3 to 0.4) 0.5 (0.4 to 0.7) <.001

IRF

Mean IRF at
baseline, nL

448.6 (412.3 to 485.0) 355.4 (317.9 to 392.9) 550.8 (488.5 to 613.0) <.001

Central 1 mm 111.7 (104.7 to 118.7) 96.0 (87.9 to 104.0) 129.0 (117.5 to 140.5) NA

Parafovea 336.9 (306.2 to 367.6) 259.5 (227.9 to 291.0) 421.8 (369.2 to 474.4) NA

Mean IRF at 1 y, nL 161.2 (135.1 to 187.4) 130.7 (102.8 to 158.7) 201.6 (152.4 to 250.8) .05

Central 1 mm 42.7 (37.0 to 48.4) 38.3 (31.7 to 44.9) 50.9 (40.4 to 61.3) NA

Parafovea 118.5 (97.3 to 139.8) 92.4 (69.6 to 115.2) 150.7 (110.9 to 190.5) NA

IRF change, nL

First 4 wk −199.4 (−173.1 to
−221.6)

−150.5 (−111.6 to
−185.4)

−270.7 (−181.7 to
−357.1)

<.001

Every 4 wk −6.7 (−5.2 to −8.3) −5.7 (−3.4 to −8.0) −6.9 (−1.6 to −12.4) .46

SRF

Mean SRF at
baseline, nL

36.9 (27.0 to 46.7) 20.3 (11.8 to 28.9) 55.0 (36.9 to 73.1) <.001

Central 1 mm 13.5 (10.9 to 16.2) 9.6 (6.8 to 12.5) 17.8 (13.2 to 22.5) NA

Parafovea 23.3 (15.7 to 31.0) 10.7 (4.5 to 16.9) 37.2 (22.8 to 51.6) NA

Mean SRF at 1 y, nL 4.4 (1.7 to 7.1) 2.1 (0.8 to 3.3) 7.4 (1.4 to 13.5) NA

Central 1 mm 1.8 (1.0 to 2.7) 1.3 (0.4 to 2.2) 2.5 (0.9 to 4.2) NA

Parafovea 2.6 (0.5 to 4.6) 0.8 (0.3 to 1.3) 4.9 (0.2 to 9.6) NA

SRF change, nL

First 4 wk −23.7 (−17.3 to −30.1) −13.3 (−3.8 to −23.6) −37.9 (−13.7 to −62.9) .001

Every 4 wk −0.7 (−0.3 to −1.1) −0.3 (−0.9 to 0.2) −1.2 (−2.6 to 0.4) .04

Abbreviations: BCVA, best-corrected
visual acuity; ETDRS, Early Treatment
Diabetic Retinopathy Study;
IRF, intraretinal fluid; NA, not
applicable; SRF, subretinal fluid;
VA, visual acuity.
a Better VA was defined as an ETDRS

score of 69 or better (approximate
Snellen equivalent 20/32 to 20/40)
at baseline.

b Worse VA was defined as an ETDRS
score of 68 or worse (approximate
Snellen equivalent 20/50 or worse)
at baseline.

c P values indicate whether
differences in reported mean values
between the high VA and low VA
group were significant as obtained
from the mixed-effects models.

Table 2. Change in ETDRS Scores per 10 nL of IRF and SRF on BCVA Averaged Over All Study Visits

Variable
Better and worse baseline VA
(n = 570) P valuea

Worse baseline VAb

(n = 272) P valuea
Better baseline VAc

(n = 298) P valuea

Central 1 mm, mean (95% CI)

IRF −0.15 (−0.10 to −0.20) <.001 −0.09 (−0.01 to −0.16) .03 −0.18 (−0.12 to −0.23) .001

SRF −0.34 (−0.18 to −0.52) <.001 −0.18 (0.06 to −0.41) .14 −0.40 (−0.19 to −0.60) .001

Parafoveal, mean (95% CI)

IRF −0.04 (−0.03 to −0.06) <.001 −0.04 (−0.02 to −0.07) <.001 −0.01 (−0.03 to <0.01) .15

SRF 0.03 (0.09 to −0.04) .41 <0.01 (0.08 to −0.07) .95 0.01 (<0.01 to 0.22) .02

R2 (marginal to
conditional)

0.146 to 0.885 NA 0.152 to 0.879 NA 0.158 to 0.732 NA

Abbreviations: BCVA, best-corrected visual acuity; ETDRS, Early Treatment
Diabetic Retinopathy Study; IRF, intraretinal fluid; NA, not applicable;
SRF, subretinal fluid; VA, visual acuity.
a P values for each fluid covariate tested the null hypothesis that there was no

correlation with BCVA (mixed-effects model).

b Better VA was defined as an ETDRS score of 69 or better (approximate Snellen
equivalent 20/32 to 20/40) at baseline.

c Worse VA was defined as an ETDRS score of 68 or worse (approximate Snellen
equivalent 20/50 or worse) at baseline.
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Discussion

In this post hoc analysis of a randomized clinical trial, we used
a deep learning algorithm to quantify IRF and SRF and ana-
lyzed the association of treatment with fluid volume and BCVA.
Recently, Vogl et al25 used a longitudinal statistical model based
on automated fluid quantification in SD-OCT data to analyze
the association of IRF and SRF with visual acuity in central reti-
nal vein occlusion and to predict the trajectory of BCVA dur-
ing treatment. Inclusion of IRF and SRF improved the fit of the
model and helped in prognosis of individual variations in vi-
sual acuity over time. Despite similarities of retinal morpho-
logic findings on OCT, the pathophysiologic features of reti-
nal edema in DME are different from those of central retinal
vein occlusion, which prompted us to investigate the associa-
tion of fluid parameters with visual acuity in DME.

The low marginal R2 of 0.146 of the random-effects model
(Table 2) indicates that the fixed effects (mean intercept, mean
slopes, and mean effect of fluid volumes) explain only a small
fraction of the variance in the BCVA trajectories. A marginal
R2 reflects the predictive value of only the baseline param-
eters without any additional information, such as the slope of
BCVA over time. A large fraction of the variance in the BCVA
trajectories was not directly affected by fluid changes but may
have been associated with other factors. However, subsum-
ing these unmeasured effects in the patient-specific random
effects (intercept plus slopes) allowed us to obtain a general
good model fit, as indicated by the conditional R2 of 0.885. The
low marginal R2 and thus the limited explanatory value of the
model agree with outcomes of previous studies26,27 that in-
vestigated the correlation between retinal structural changes,
such as retinal thickening, IRF, or SRF, and BCVA. Despite so-
phisticated automated methods for precise quantification of

Table 3. Association of Aflibercept, Ranibizumab, and Bevacizumab With BCVA, IRF, and SRF

Variable IRF P valuea SRF P valuea

Better and worse baseline VA, mean (95% CI) (n = 570)b

Fluid change first 4 wk, nL

Aflibercept injection −211.0 (−254.9 to
−173.7)

.001 −13.7 (−20.6 to
−6.7)

.001

Bevacizumab injection −131.2 (−168.4 to
−92.4)

.001 −15.2 (−23.0 to
−7.6)

.001

Ranibizumab injection −206.4 (−247.1 to
−169.8)

.001 −15.4 (−22.0 to
−9.1)

.001

Fluid change every 4 wk, nL

Aflibercept injection −24.9 (−29.7 to
−19.7)

.001 −1.2 (−2.2 to −0.3) .009

Bevacizumab injection −14.5 (−19.0 to −9.7) .001 −0.3 (−1.2 to 0.6) .55

Ranibizumab injection −20.8 (−25.8 to
−16.1)

.001 −0.7 (−1.7 to 0.2) .12

R2 (marginal to conditional) 0.086 to 0.912 NA 0.015 to 0.903 NA

Worse baseline VA, mean (95% CI) (n = 272)

Fluid change first 4 wk, nL

Aflibercept injection −278.1 (−348.7 to
−214.1)

.001 −32.1 (−47.6 to
−17.2)

.001

Bevacizumab injection −188.9 (−254.3 to
−121.4)

.001 −37.4 (−53.4 to
−22.1)

.001

Ranibizumab injection −310.7 (−367.9 to
−239.1)

.001 −38.7 (−53.4 to
−23.7)

.001

Fluid change every 4 wk, nL

Aflibercept injection −27.5 (−37.5/ −18.1) .001 −3.0 (−4.7 to −1.0) .002

Bevacizumab injection −14.6 (−22.8 to −5.5) .002 −1.4 (−3.1 to 0.5) .14

Ranibizumab injection −19.2 (−28.5 to −9.4) .001 −1.8 (−3.6 to −0.0) .06

R2 (marginal to conditional) 0.108 to 0.890 NA 0.069 to 0.849 NA

Better baseline VA, mean (95% CI) (n = 298)

Fluid change first 4 wk, nL

Aflibercept injection −197.0 (−236.5 to
−153.8)

.001 −16.4 (−24.3 to
−8.5)

.001

Bevacizumab injection −103.0 (−142.5 to
−60.4)

.001 −11.8 (−20.2 to
−3.5)

.005

Ranibizumab injection −153.1 (−193.3 to
−108.5)

.001 −11.8 (−20.7 to
−4.0)

.006

Fluid change every 4 wk, nL

Aflibercept injection −5.3 (−8.2 to −2.4) .001 −0.1 (−0.8 to 0.4) .72

Bevacizumab injection −4.1 (−6.9 to −1.4) .005 −0.4 (−1.0 to 0.3) .23

Ranibizumab injection −7.7 (−10.5 to −5.0) .001 −0.5 (−1.1 to 0.2) .12

R2 (marginal to conditional) 0.100 to 0.891 NA 0.029 to 0.830 NA

Abbreviations: BCVA, best-corrected
visual acuity; IRF, intraretinal fluid;
NA, not applicable; SRF, subretinal
fluid; VA, visual acuity.
a P values indicate the significance of

the correlation of anti–vascular
endothelial growth factor therapy
on IRF or SRF (mixed-effects
model).

b Better VA was defined as an ETDRS
score of 69 or better (approximate
Snellen equivalent 20/32 to 20/40)
at baseline. Worse VA was defined
as an ETDRS score of 68 or worse
(approximate Snellen equivalent
20/50 or worse) at baseline.
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retinal structural alteration, baseline BCVA remains the best
predictor of longitudinal BCVA outcomes.28 Retinal struc-
tural findings on SD-OCT, particularly central retinal thicken-
ing, are relatively poor surrogates for retinal function but are
important biomarkers for the need for anti-VEGF treatment.28

Fluid volumes decreased after initiation of treatment and
continued to decrease for 12 months. We analyzed the asso-
ciation of treatment with fluid volumes and observed that
aflibercept and ranibizumab were associated with faster re-
duction of IRF than was bevacizumab (Table 3). However, there
was no difference in the association between the different anti-
VEGF agents and SRF reduction. This finding may suggest that
SRF and IRF in DME have different pathophysiologic back-
grounds and are not merely fluid accumulations from the same
origin. However, there may also be an anatomical explana-
tion for this finding: SRF may not reach the subretinal pig-
ment epithelium space, even though it is originating from the
same source as IRF. Despite the limited association of IRF and
SRF with visual function, the presence and amount of fluid may
be used as an objective measure of response to therapy when
automated fluid measurement has become accessible in clini-
cal routine.19

The IRF was present in all eyes at baseline, whereas SRF
was present in only a subset of eyes (41%) at baseline and at
lower quantities than IRF (Table 1). The lower overall volume
of SRF at baseline and during follow-up may explain the stron-
ger association of SRF with BCVA compared with IRF (Table 2).

Of interest, although SRF had a negative association with
BCVA at baseline, it indicated a good response to anti-VEGF
treatment and higher BCVA gain per month of follow-up
(Table 4). Although this finding seems counterintuitive at first
glance, the presence of SRF is associated with good visual prog-
nosis in a variety of retinal diseases, such as age-related macu-
lar degeneration, central retinal vein occlusion, or central se-
rous chorioretinopathy, suggesting a protective association of
SRF with photoreceptors independent of the underlying
disease.29-32 The origin and prognostic value of SRF in DME is
controversial.27,33-39 Deák et al40 used microperimetry to iden-

tify retinal morphologic changes associated with decreased reti-
nal sensitivity and found that SRF and large outer nuclear layer
cysts are the 2 morphologic features with the greatest nega-
tive association with retinal function. In our study, we found
that SRF in the central 1 mm, even in small quantities, was as-
sociated with BCVA, whereas IRF was only associated with
BCVA if present in larger volumes, in line with the findings de-
scribed by Deák et al.40 Gerendas et al27 recently investigated
the predictive value of central intraretinal cysts and SRF for
visual acuity in a post hoc analysis of the RESTORE/RESTORE-
extension studies (A 12 Month Core Study to Assess the Effi-
cacy and Safety of Ranibizumab [Intravitreal Injections] in Pa-
tients With Visual Impairment Due to Diabetic Macular Edema
and a 24 Month Open-label Extension Study). They found that
the height of intraretinal cysts at baseline was a good predic-
tor for functional and anatomical improvement. Further-
more, the presence of SRF indicated good response to ranibi-
zumab therapy and a poor response to laser therapy, in line with
the outcomes of our study.

Sophie et al38 investigated patient characteristics corre-
lating with BCVA at month 24 in DME in a post hoc analysis of
the RISE (A Study of Ranibizumab Injection in Subjects With
Clinically Significant Macular Edema With Center Involve-
ment Secondary to Diabetes Mellitus) and RIDE (A Study of
Ranibizumab Injection in Subjects With Clinically Significant
Macular Edema With Center Involvement Secondary to Dia-
betes Mellitus) trials. Submacular fluid at baseline was asso-
ciated with excellent visual outcome in patients treated with
ranibizumab in their study. One group37 suggested that the
higher visual gain usually observed in DME with SRF may be
associated with lower baseline BCVA. Another explanation may
be that the presence of SRF interferes with photoreceptor align-
ment and thus with the wave-guiding abilities of photorecep-
tors, also known as the Stiles-Crawford effect, and, thus, leads
to a decrease in BCVA but not irreversible structural damage
to the retina if treated in a timely manner.41,42 In animal mod-
els of induced retinal detachment, photoreceptor outer seg-
ments degenerated during serous retinal detachment but had

Table 4. Study Eyes Divided Into Eyes With and Without SRF at Baseline

Variable

Mean (95%)

P valueaNo SRF (n = 335) SRF (n = 235)
Mean BCVA at baseline, ETDRS score
[Snellen equivalent]

66.9 [20/50] (65.7 to 68.1) 63.2 [20/63] (60.2 to 66.1) .001

Mean BCVA at 1 y, ETDRS score
[Snellen equivalent]

77.8 [20/32] (76.5 to 79.1) 78.7 [20/25] (75.3 to 81.9) .35

BCVA change

First 4 wk 5.2 (4.4 to 5.9) 7.9 (6.0 to 9.7) .001

Per 4 wk 0.4 (0.3 to 0.5) 0.5 (0.3 to 0.8) .02

R2 (marginal to conditional) 0.102 to 0.880 NA NA

Mean IRF, nL

Baseline 319.7 (270.8 to 361.2) 624.7 (507.7 to 737.7) .001

1 y 110.0 (75.4 to 138.7) 156.7 (71.0 to 238.7) .07

IRF change, nL

First 4 wk −110.4 (−75.4 to −139.9) −346.5 (−266.3 to −425.3) .001

Per 4 wk −6.6 (−4.7 to −8.8) −5.8 (−0.6 to −11.0) .63

R2 (marginal to conditional) 0.124 to 0.893 NA NA

Abbreviations: BCVA, best-corrected
visual acuity; IRF, intraretinal fluid;
NA, not applicable; SRF, subretinal
fluid.
a P values indicate differences in

reported mean values between the
better visual acuity and worse visual
acuity groups at baseline, as
obtained from the mixed-effects
models.
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regrowth as early as 3 days after reattachment.43-45 This res-
toration of functional anatomy may be associated with the early
visual gain in eyes with SRF (Figure).

In our study IRF had a negative association with visual
function if present in large quantities. We inferred that reti-
nal structural damage occurred as a consequence of retinal de-
formation and stretching of cellular elements secondary to the
presence of large cystoid spaces.

With use of AI, an automated and objective profiling of the
efficacy of different substances was possible by automated fluid
quantification. Despite the limited correlation with visual func-
tion found in our study, the presence and amount of IRF and
SRF served as measures of individual treatment response.
Thus, automated fluid segmentation could support the clini-
cal applicability of individualized medicine.

Strengths and Limitations
Strengths of the study include a large number of study par-
ticipants, a standardized study protocol, and an objective and
automated segmentation algorithm. This study also has limi-
tations, including the retrospective study design and missing

data for some visits. Furthermore, we evaluated IRF and SRF
but did not account for other morphologic factors, such as dis-
organization of retinal inner layers, the integrity of photore-
ceptor layers, or the presence of intraretinal hyperreflective foci
or septae between intraretinal cysts. Adding more retinal mor-
phologic markers to the statistical model may improve the iden-
tification of clinically relevant factors associated with treat-
ment response. Furthermore, the follow-up period was limited
to 12 months.

Conclusions
With use of an automated segmentation algorithm, even mini-
mal amounts of IRF and SRF could be segmented in patients
with DME and a difference in IRF reduction was found among
anti-VEGF substances. The presence of SRF was associated with
low baseline BCVA but good response to anti-VEGF therapy.
Artificial intelligence may be used to automatically measure
fluid volumes in a reliable way and thus may facilitate a com-
parison of the differential efficacy of anti-VEGF agents.
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Invited Commentary

Measuring Anatomical Outcomes of Anti–Vascular Endothelial Growth
Factor Treatment of Diabetic Macular Edema With Artificial Intelligence—
A Step Toward Individualized Medicine
Landon J. Rohowetz, MD; Nelson R. Sabates, MD; Peter Koulen, PhD

Diabetic macular edema (DME) is the most common cause of
visual dysfunction in patients with diabetes, with an esti-
mated worldwide prevalence of 7.4%.1 In addition to its ef-

fects on individual quality of
life, DME poses a significant
economic burden on health
care systems.2 As such, iden-

tifying the most efficient methods of treatment and factors as-
sociated with therapeutic success are prudent.

Optical coherence tomography allows physicians to evalu-
ate the microarchitectural effects of DME. Its widespread use
has yielded an abundance of data that have been used for a va-
riety of applications, including the prediction modeling of treat-
ment outcomes in DME.3 In this issue, Roberts et al4 describe
their post hoc analysis of data from 570 eyes in the Diabetic
Retinopathy Clinical Research Network (DRCR.net) protocol
T trial. The authors used a previously reported deep learning
algorithm5 to determine the volumetric changes in intrareti-
nal fluid (IRF) and subretinal fluid (SRF) after administration
of the anti–vascular endothelial growth factor (VEGF) agents
bevacizumab, ranibizumab, and aflibercept in patients with
DME.

The study found an association between foveal IRF reduc-
tion and improvement in best-corrected visual acuity (BCVA).
The authors also found an association between BCVA improve-
ment and foveal SRF reduction in patients with high (≥20/40)
baseline visual acuity (VA) but not low (≤20/50) baseline VA.
The study yielded inconsistent associations between parafo-
veal fluid reduction and BCVA improvement, leading the au-
thors to reject any associations between these 2 parameters.

The authors also evaluated the associations of different
anti-VEGF agents with SRF and IRF volumes. All anti-VEGF
treatments were associated with reduced IRF after the first in-
jection and for 4 weeks thereafter; however, aflibercept had a
greater reduction than bevacizumab at both of these time

points, and ranibizumab had a greater reduction than bevaci-
zumab after the first injection. All agents were associated with
reduced SRF after the first injection; however, only afliber-
cept use was associated with reduced SRF for 4 weeks there-
after, and this association was seen only in the low VA group.
These findings are in accordance with previous work6 dem-
onstrating aflibercept’s superiority compared with other anti-
VEGF treatments in improving functional and anatomical out-
comes in DME, particularly in patients with a BCVA of 20/50
or worse.

The presence of SRF at baseline was associated with lower
baseline VA and a greater functional response to anti-VEGF
treatment after the first injection and for 4 weeks thereafter.
Although the latter finding is in accordance with previous
work,3 various studies7-9 have shown that the degree of fluid
reduction does not necessarily correlate with functional im-
provement in DME, prompting the need for further investiga-
tion to confirm this association. Roberts et al4 reinforce this
sentiment in their discussion by acknowledging the superior-
ity of using baseline BCVA vs baseline anatomical parameters
in estimating functional treatment outcomes.10 Roberts et al4

also discussed using anatomical outcomes as potential fac-
tors associated with treatment response rather than as fac-
tors associated with treatment success, which may be particu-
larly useful in instances in which first-line treatment fails to
produce desired functional outcomes.

Given the aforementioned findings, it is noteworthy that
eyes with SRF in this study had more IRF at baseline and greater
IRF reduction after the first injection. It is possible, there-
fore, that IRF was a confounder in the apparent association be-
tween the presence of baseline SRF and functional out-
comes, especially considering the stronger association between
anti-VEGF treatment and IRF (vs SRF) reduction found in the
study. Because all patients in this sample had IRF at baseline,
the authors were not able to stratify patients by the presence
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