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ABSTRACT

Introduction: We studied the correlation of
central macular fluid volume (CMFV) and cen-
tral subfield thickness (CST) with best-corrected
visual acuity (BCVA) in treatment-naı̈ve eyes
with diabetic macular edema (DME) 1 month
after anti-vascular endothelial growth factor
(VEGF) therapy.
Methods: This retrospective cohort study
investigated eyes that received anti-VEGF

therapy. All participants underwent compre-
hensive examinations and optical coherence
tomography (OCT) volume scans at baseline
(M0) and 1 month after the first treatment (M1).
Two deep learning models were separately
developed to automatically measure the CMFV
and the CST. Correlations were analyzed
between the CMFV and the logMAR BCVA at
M0 and logMAR BCVA at M1. The area under
the receiver operating characteristic curve
(AUROC) of CMFV and CST for predicting eyes
with BCVA � 20/40 at M1 was analyzed.
Results: This study included 156 DME eyes
from 89 patients. The median CMFV decreased
from 0.272 (0.061–0.568) at M0 to 0.096
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(0.018–0.307) mm3 at M1. The CST decreased
from 414 (293–575) to 322 (252–430) lm. The
logMAR BCVA decreased from 0.523
(0.301–0.817) to 0.398 (0.222–0.699). Multi-
variate analysis demonstrated that the CMFV
was the only significant factor for logMAR
BCVA at both M0 (b = 0.199, p = 0.047) and M1
(b = 0.279, p = 0.004). The AUROC of CMFV for
predicting eyes with BCVA � 20/40 at M1 was
0.72, and the AUROC of CST was 0.69.
Conclusions: Anti-VEGF therapy is an effective
treatment for DME. Automated measured CMFV
is a more accurate prognostic factor than CST for
the initial anti-VEGF treatment outcome of DME.

Keywords: Anti-vascular endothelial growth
factor; Artificial intelligence; Central macular
fluid volume; Central subfield thickness;
Diabetic macular edema; Optical coherence
tomography; Predictive preventive
personalized medicine

Key Summary Points

Automated fluid volume measurements
for eyes with diabetic macular edema
(DME) using optical coherence
tomography (OCT) remains a challenge.

In this study, two deep learning models
were separately developed to
automatically measure central macular
fluid volume (CMFV) and central subfield
thickness (CST).

The results indicated that CMFV is a more
accurate prognostic factor than CST for
the initial anti-VEGF treatment outcome
of DME.

This study may improve the supervision
and prediction of vision in eyes with DME.

INTRODUCTION

Diabetic macular edema (DME) is the leading
cause of vision loss in patients with diabetic

retinopathy and is gradually becoming a global
health problem [1]. The prevalence of DME is
estimated to be between 4.2% and 7.9% among
patients with type 1 diabetes and 1.4% to 12.8%
among type 2 diabetes [2]. The onset of DME is
associated with a number of factors including
duration of diabetes, degree of metabolic con-
trol, elevated glycosylated hemoglobin A1C
(HbA1c), severity of retinopathy, hypertension,
socioeconomic status, and age [3]. Anti-vascular
endothelial growth factor (anti-VEGF) therapy
is extremely effective at preserving visual func-
tion and has become the leading treatment
approach for DME [4]. However, there are still
large individual differences in the efficacy of
anti-VEGF treatment [5]. At the same time, fre-
quent intravitreal injections increase the risk of
complications, the financial burden on patients,
and the waste of social resources [6]. Therefore,
the search for an accurate prognostic factor of
anti-VEGF treatment in DME patients to opti-
mize the treatment strategy is a research
hotspot.

Optical coherence tomography (OCT) makes
it possible to deliver a considerable amount of
morphological information through high-reso-
lution raster scanning [7]. Central subfield
thickness (CST) is commonly used as an OCT
parameter to evaluate the severity of DME and
its prognosis. Previous studies, however, only
reported a low to moderate correlation between
CST and visual acuity (VA) [8]. This can be
explained by two factors. First, there are signif-
icant individual differences, especially gender,
in CST [9, 10]. Second, retinal atrophy leads to a
reduction in CST but may exacerbate VA [11]. In
fact, given the high resolution of OCT,
researchers can obtain much more information
than with CST. The outline of the cysts in the
retina is clearly displayed in OCT images, which
makes it possible to quantify the central macu-
lar fluid (CMF). Thus, the direct quantification
of CMF rather than CST may better suggest the
prognosis of anti-VEGF treatment of DME.

Recently, artificial intelligence (AI) based on
deep learning (DL) has seen rapid development
in ophthalmic image processing, especially for
OCT images [12]. Several studies have quanti-
fied CMF using AI-assisted methods. You et al.
[13] suggested that central macular fluid
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volume (CMFV) is a more accurate diagnostic
biomarker than CST for DME. Tsuboi et al. [14]
reported that the CMFV in the inner nuclear
layer (INL) had a stronger association with VA
than CST in DME before anti-VEGF treatment.
However, no studies have compared the accu-
racy of CMFV and CST as prognostic factors for
the anti-VEGF treatment of DME. Based on the
proven effect of DME-associated fluid on visual
function, we hypothesized that CMFV is a more
accurate prognostic factor than CST for the anti-
VEGF treatment of DME.

The purpose of this study was to develop two
DL models to automatically measure the CMFV
and the CST on the OCT volumetric scans and
then investigate whether CMFV may serve as a
better prognostic factor than CST to predict
treatment response to anti-VEGF treatment in
patients with DME.

METHODS

Study Design, Setting, and Selection
Criteria

This study received approval from the Ethics
Committee of Zhejiang Provincial People’s
Hospital (KY2022063) and Eye Hospital of
Wenzhou Medical University (H2023-005-K-03-
01). The study was carried out in accordance
with the Declaration of Helsinki of 1964 and its
later amendments. Informed consent to publish
was obtained from all participants before their
inclusion in the study. The study included
consecutive patients diagnosed with DME who
received anti-VEGF treatment at the two medi-
cal centers from March 1, 2020, to December
31, 2022. DME was clinically diagnosed by a
retina specialist based on the results of fundus
examination, OCT, and angiography. The cor-
relation of visual acuity with CMFV and CST
was analyzed. A comparison of CMFV and CST
at M0 for predicting best-corrected visual acuity
(BCVA) C 20/40 at M1 was calculated.

The inclusion criteria were as follows: (1)
DME diagnosed by OCT; (2) eyes that were
treatment-naı̈ve or received retinal laser treat-
ment more than 6 months earlier; (3) patients
who received anti-VEGF therapy with

aflibercept 2.0 mg/injection, conbercept
0.5 mg/injection, or ranibizumab 0.5 mg/injec-
tion during the study period; and (4) patients
with available BCVA and OCT data at M0 and
M1. Exclusion criteria included the following:
eyes with any prior intravitreal pharmacother-
apy, significant cataract, vitreous surgery, or
other conditions that might influence visual
acuity, such as corneal opacity, glaucoma,
macular degeneration, retinal vein occlusion,
and other retinal pathologies.

Clinical and Anatomical Data: Data
Management and Assessments

At baseline (M0) and 1 month (M1) after anti-
VEGF injection, patients underwent a compre-
hensive ocular examination before the surgery,
including a dilated fundus examination, lens
status, axial length measurement, spectral-do-
main OCT (SD-OCT) scans (Spectralis HD-OCT;
Heidelberg Engineering, Heidelberg, Germany),
and BCVA testing using a Snellen chart. The
OCT volume scans were macula-centered, con-
taining 19–49 B-scans and covering an area of
6.0 9 4.5 mm (20� 9 15�). The OCT images of
patients were transferred post hoc in a pseudo-
nymized format for the AI-based analysis.

AI-Based CST Analysis Using OCT Images

All the study participants underwent thickness
analysis using SD-OCT horizontal scans closest
to the fovea. The CST measurements were
defined as the average thickness within the
central 1 mm-diameter circle centered on the
fovea, from the inner border of the internal
limiting membrane to the outer border of the
retinal pigment epithelium (RPE). The CST was
measured by a DL model. For the horizontal
scan, the middle frame and two frames before
and after were selected. After that, for each
frame, the white pixel values of the segmenta-
tion results were counted from top to bottom
from half of the width and two pixels to the left
and right of each frame. The calculated pixel
values were further transformed into standard
units of micrometers, according to the scale of
the original image, and the results for each
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position of a single frame were averaged.
Finally, the results of multiple frames were
averaged again for the final measurement.

AI-Based CMFV Analysis Using OCT
Images

Auto Scale Detection
The traditional calculation of the volume ofCMF
relies on parameters such as pixel scale and
scanning step provided by the OCT system.
However, these parameters can differ from the
system values with different patients and differ-
ent scanning modes. Therefore, we designed an
automatic scale detectionmethod based on pixel
feature matching, referred to as the CMFV intel-
ligent quantification (CMFVIQ) model. Accord-
ing to the pixel characteristics of OCT scanning
and imaging images, the scanning step (stepL)
and the pixel scale ðscale w; scale h) in the hori-
zontal and vertical directions can be detected
quickly and accurately (as shown in Fig. 1).

CMF Segmentation
The purpose of segmentation was to calculate
the area of the CMF region in each OCT slice.
The CMF segmentation model was trained
using U-Net, which included a contraction path
for capturing context and a symmetric expan-
sion path for precise localization. The model
output a probability map with the same reso-
lution as the input image, representing the
probability that each pixel belonged to a CMF.
Training was performed on a large collection of
clinical datasets. Data annotation was per-
formed according to reference standards
designed by ophthalmologists with more than
10 years of clinical experience.

Volume Computation
The volume of the CMF was calculated using
the integral method, and the calculation for-
mula is as follows:

V ¼
Z

area� dh ¼
Z n

i¼1

areai � dh;

where areai represents the CMF area of the ith
OCT image, n represents the number of the OCT

image sequence, and dh represents the scanning
step (stepLÞ.

The CMF area of an OCT image was calcu-
lated using the following formula:

Area ¼ areapixel �NDME;

Areapixel ¼ scalew � scaleh;

where areapixel represents the area of a pixel, and

NDME is the sum of pixels occupied by the CMF.

Statistical Analysis

Statistical analysis was performed with SPSS
Version 18 (SPSS Inc., Chicago, IL, USA). The
distributions of the features were non-normal,
as assessed using the Shapiro–Wilk test. Non-
parametric tests were therefore used for statis-
tical analysis. The Wilcoxon signed-rank test
was used to compare CMFV, CST, and logarithm
of the minimum angle of resolution (logMAR)
BCVA between eyes at M0 and M1. Univariate
and multivariate regression analysis were used
to examine the correlation of visual acuity with
CMFV and CST. The area under the receiver
operating characteristic curve (AUROC) of
CMFV and CST for predicting BCVA C 20/40 at
M1 was calculated. Statistical significance was
set at p\0.05.

RESULTS

Demographics and Baseline
Characteristics

We included 7305 OCT B-scans of 156 eyes from
89 patients with DME. The baseline character-
istics of the subjects are presented in Table 1. Of
the 156 eyes, 93 were from men and 63 were
from women. The median age of the partici-
pants at baseline was 59 (50–67) years. The
median glucose was 9.64 (6.31–11.64) mmol/L,
while the median HbA1c was 7.46
(6.26–8.77)%. At baseline, 152 eyes (97.43%)
had intraretinal fluid, and 60 eyes (26.92%) had
subretinal fluid. A total of 13 (8.33%) eyes were
in the aflibercept group, 62 (39.74%) eyes were
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in the conbercept group, and 81 (51.92%) eyes
were in the ranibizumab group.

Evaluation Performance of the AI System

The performance of the CMFVIQ model is
shown in Table 2 and Fig. 2. The sensitivity and
specificity of the model reached 0.84 and 0.99,
respectively. The Dice coefficient between the
prediction and the ground truth marked by
experts reached 0.72. These results support the
effectiveness of the model for CMF segmenta-
tion. Figure 2 shows the CMF segmentation

results between the AI-based DME segmentation
model and human manually marked ground
truth.

AI-Based Analysis of the Anti-VEGF
Treatment Outcomes

CMFV, CST, and logMAR BCVA at baseline and
M1 are listed in Table 3. At M0, the median of
the CMFV was 0.272 (0.061–0.568) mm3, and
that of the CST was 414 (293–575) lm. After the
first anti-VEGF treatment, the CMFV decreased
to 0.096 (0.018–0.307) mm3, and the CST

Fig. 1 The workflow of the proposed framework
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decreased to 322 (252–430) lm, both of which
were significantly different from the baseline
(p\ 0.001). The median of logMAR BCVA was
0.523 (0.301–0.817). After the first anti-VEGF
treatment, the logMAR BCVA decreased to
0.398 (0.222–0.699), which was significantly
different from the baseline (p\0.001). All anti-
VEGF agents influenced the reduction of CMFV,
CST, and logMAR BCVA (see Supplementary
Material). We further analyzed the differences
in the effect of the three anti-VEGF agents on
the change in CMFV, CST, and logMAR BCVA.
However, there was no difference among the
three anti-VEGF agents (see Supplementary
Material).

Correlation of OCT Parameters and Visual
Acuity at 1 Month

The association between CMFV and logMAR
BCVA at baseline was firstly analyzed. The

univariate regression analysis demonstrated
that the logMAR BCVA at baseline correlated
significantly with the CMFV (r = 0.315; 95% CI
0.164–0.466, p\0.001) (Fig. 3). There was also
a significant correlation between CST and log-
MAR BCVA at baseline (r = 0.309; 95% CI
0.158–0.460, p\ 0.001), which was lower than
the correlation between CMFV and logMAR
BCVA at baseline. According to the multivariate
analysis, the logMAR BCVA at baseline still
correlated significantly with the CMFV (stan-
dard b = 0.199, p = 0.047), but was not corre-
lated significantly with the CST (p = 0.071)
(Table 4).

The association between CMFV at baseline
and logMAR BCVA at M1 was further analyzed.
The univariate regression analysis demonstrated
that the logMAR BCVA at M1 correlated signif-
icantly with the CMFV (r = 0.385; 95% CI
0.238–0.532, p\0.001) (Fig. 3). There was also
a significant correlation between CST at base-
line and logMAR BCVA at M1 (r = 0.344; 95% CI
0.195–0.494, p\ 0.001), which was lower than
the correlation between CMFV at baseline and
logMAR BCVA at M1. The multivariate analysis
revealed that the logMAR BCVA at M1 still
correlated significantly with the CMFV (stan-
dard b = 0.279, p = 0.004), but was not corre-
lated significantly with the CST (p = 0.091)
(Table 5).

In addition, the prediction accuracy of the
BCVA C 20/40 for CMFV and CST was analyzed.
The AUROC of CMFV for predicting eyes with
BCVA C 20/40 was 0.72 (p\ 0.001), which was
larger than that of CST at 0.69 (p\0.001)
(Fig. 4); however the difference was not signifi-
cant (p = 0.360).

DISCUSSION

In this study, we developed two DL models for
quantifying CMFV and CST in patients with
DME, and analyzed the relationship between
CMFV and BCVA. The results showed that the
relationship between CMFV at M0 and BCVA at
M1 was stronger than that between CST and
BCVA in DME patients. Previous studies have
indicated that CST is the essential biomarker for
the treatment and prognosis of DME [15]. Most

Table 1 Baseline characteristics of the study participants
with naı̈ve diabetic macular edema

Parameters Data value (N = 156)

Age (years) 59 (50–67)

Gender (male/female) 93/63

Eyes (right/left) 79/77

Glucose (mmol/L) 9.64 (6.31–11.64)

HbA1c (%) 7.46 (6.26–8.77)

Presence of intraretinal fluid 152 (97.43%)

Presence of subretinal fluid 42 (26.92%)

Aflibercept injection 13 (8.33%)

Conbercept injection 62 (39.74%)

Ranibizumab injection 81 (51.92%)

Table 2 The performance of the model in CMF
segmentation

Sensitivity Specificity Dice

CMF 0.84 0.99 0.72
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countries and regions still use the changes in
CST to evaluate the progression of DME in
patients during clinical treatment [16, 17].
However, CST is influenced by a variety of fac-
tors in addition to the severity of the DME, and
may not be sufficiently accurate to be used as a
prognostic factor in clinical practice.

Because of the high resolution of OCT for
observing retinal morphology, researchers are
seeking a valid OCT parameter to use in the
monitoring of DME in clinical practice. Doctors
and researchers have used CST to evaluate the
severity of DME and the efficacy of anti-VEGF
therapy. However, CST measurement is easily
affected by many factors, such as age, sex, axial
length, and retinal atrophy [18]. Moreover,

mixed results regarding the relationship
between CST and postoperative vision have
been reported. For example, Zhang et al. used
machine learning to predict the vision of DME
patients after anti-VEGF treatment and found
that CST was an important predictive factor for
VA prognosis [19], whereas Bressler et al. found
that there was no strong correlation between
baseline CST and long-term vision results [8].
CST, therefore, may not be an ideal biomarker
for the prediction of outcomes of anti-VEGF
treatment for DME patients.

Recent studies have demonstrated a qualita-
tive relationship between CMFV and vision in
patients with DME after anti-VEGF surgery,
suggesting that CMFV may be a more specific

Fig. 2 The DME segmentation results on OCT images. a OCT image to be segmented; b prediction result of the DME
segmentation model trained in this paper; c ground truth marked manually

Table 3 The change in CMFV, CST, and logMAR BCVA after the first anti-VEGF injection

Baseline M1 p

CMFV (mm3) 0.272 (0.061–0.568) 0.096 (0.018–0.307) \ 0.001

CST (lm) 414 (293–575) 322 (252–430) \ 0.001

LogMAR BCVA 0.523 (0.301–0.817) 0.398 (0.222–0.699) \ 0.001

Ophthalmol Ther (2023) 12:2441–2452 2447



indicator of DME diagnosis and disease change
[20]. However, there is still a lack of means to
accurately quantify retinal fluid in DME. With
the development of DL, combined with OCT
images to objectively identify and quantify
retinal fluid, a new form of disease management
can be realized for retinal exudative diseases.
Liefers et al. developed a model which was
applied to identify follow-up OCT volumes in
patients who received anti-VEGF treatment to
quantity OCT morphological parameters.

However, precise segmentation and quantifica-
tion of retinal fluid represent a challenge. First,
the variability in retinal fluid directly increases
the difficulty of segmentation. Second, it is hard
to obtain a large amount of marker data
required for model training, and the stability of
manual segmentation is poor, making this task
extremely tedious. The current public dataset of
DME OCT images is insufficient to train a model
to accurately segment and quantify retinal fluid
[21]. Third, the motion artifacts and low signal-

Fig. 3 Correlations between baseline OCT parameters and logMAR BCVA at M0 (a and b) and M1 after the first anti-
VEGF treatment (c and d)

Table 4 Univariate and multivariate analysis of the relationship between baseline logMAR BCVA and parameters

Univariate analysis Multivariate analysis

Parameters R (95% CI) p value Estimation value (95% CI) Standard b p value

CMFV 0.315 (0.164–0.466) \ 0.001 0.142 (0.002–0.283) 0.199 0.047

CST 0.309 (0.158–0.460) \ 0.001 0.000 (0.000–0.001) 0.181 0.071
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to-noise ratio result in a significant decline in
OCT image quality [22]. Finally, the actual pixel
scale and scan step parameters of OCT images
differ among OCT models based on different
scan modes and patients, which makes it diffi-
cult to accurately quantify retinal fluid by OCT
model parameter values alone.

The proposed CMFVIQ model based on DL
achieved an automatic and accurate measure-
ment of CMFV. The automatic scale detection
module actualized the automatic calculation of
pixel scale and scan step size for OCT images of
different scanning modes and patients. The
CMF segmentation model was trained based on
a large amount of collected OCT data. The
model, robust to interference such as motion
artifacts and low signal-to-noise ratios caused by
retinopathy, reached a Dice coefficient, sensi-
tivity, and specificity of 0.72, 0.84 and 0.99. The
CMFVIQ model is trained based on the classic
medical segmentation network U-Net [23]. Its

core idea is to combine the encoder part of the
convolutional neural network (capturing con-
text information) and the decoder part (cap-
turing pixel-level detail information) to achieve
high-resolution image segmentation. There are
already many U-Net-based variant networks,
such as Swin-Unet [24]. In the future, we will
consider using these networks to further
improve the effectiveness of CMF
segmentation.

Our results demonstrate the clinical value of
CMFV in the management of patients with
DME. In this study, a significant correlation
between CMFV and logMAR BCVA was found
with both univariate and multivariate analysis.
CST, however, correlated significantly only with
logMAR BCVA in univariate analysis. In addi-
tion, the AUROC of CMFV for predicting eyes
with BCVA C 20/40 at M1 was higher than the
AUROC of CST. Therefore, CMFV rather than
CST could be used as a biomarker to monitor
DME patients. The correlation between CMFV
and logMAR BCVA was only moderate
(r = 0.315 for M0; r = 0.385 for M1), which is
consistent with the finding of You et al. [13].
This result is also understandable because CMFV
mainly evaluates edema and misses the retinal
pathological features of DME, such as structural
disorganization or loss. The accurate segmen-
tation and quantification of retinal fluid can
help to monitor the state of disease and provide
research approaches for precision medicine.
Quek et al. [25] proposed a DL-based AI appli-
cation which provides personalized, continuous
monitoring for patients at risk of retinal fluid
complications by quantifying the total fluid
area in OCT B-scan images. In addition, CMFV
quantification can alert patients and clinicians
to any dangerous increase in fluid so that steps
can be taken to prevent further deterioration
and progression. At the same time, through

Table 5 Univariate and multivariate analysis for the relationship between M1 logMAR BCVA and baseline parameters

Univariate analysis Multivariate analysis

Parameters R (95% CI) p value Estimation value (95% CI) Standard b p value

CMFV 0.385 (0.238–0.532) \ 0.001 0.172 (0.054–0.291) 0.279 0.004

CST 0.344 (0.195–0.494) \ 0.001 0.000 (0.000–0.001) 0.165 0.091

Fig. 4 Receiver operating characteristic curves of central
macular fluid volume (CMFV) and central subfield
thickness (CST) for BCVA of 20/40 or worse at M1
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retrospective analysis of the data, if the inter-
vention measures do not control the total fluid
over several anti-VEGF treatments, treatment
can be stopped, thus saving resources and costs
for patients.

This study still had some limitations. First, the
short-term follow-up duration made it chal-
lenging to infer the relationship between CMFV
and vision in continuous long-term treatment.
Second, this study lacked multicenter general-
ization. Future studies will incorporate datasets
from multiple clinical centers, multiple devices,
and multiple retinal diseases to understand the
clinical application of the model.

CONCLUSIONS

The AI-based measured CMFV was a more
accurate prognostic factor than CST for the
initial anti-VEGF treatment outcome for DME
and may provide additional information for the
formulation of an optimal individualized ther-
apeutic regimen.
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