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Purpose: In the present study, the volume of hard exudates (HEs) was quantitatively measured using optical co-

herence tomography (OCT) and the agreement and correlation with area of HEs in fundus photography were 

analyzed. 

Methods: The medical records of patients with diabetic macular edema who underwent focal laser treatment 

and were followed up more than 3 months were retrospectively evaluated. An automated customized program 

designed for measuring HE volume was used. The HEs in each OCT B-scan binary image were measured 

using 512 × 128 pixels, 6 mm × 6 mm OCT cube scans. The volume was measured by summing the segment-

ed HEs in each 128 B-scan image. The area was measured in 6 mm x 6 mm fundus photography. The volume 

and area were measured before and 3 months after the treatment. The agreement of increase and decrease 

in HEs, and the correlation of volume and area of HEs were analyzed.

Results: A total of 35 patients (39 eyes) were included in the study. The volume was significantly reduced from 

0.07978 to 0.02565 mm3 at 3 months (p < 0.001). The area was also significantly reduced from 15.35 to 8.60 

mm2 at 3 months (p < 0.001). The volume was decreased in 34 eyes and increased in 5 eyes. The area was 

decreased in 37 eyes and increased in 2 eyes. A significant correlation between volume and area was found  

(p < 0.001) as well as agreement between increase and decrease in volume and area. 

Conclusions: In the 3-dimensional quantitative volumetric analysis, the volume and area of HEs were correlat-

ed and the direction of increase and decrease was concordant. Considering the distribution of HEs in multiple 

layers of the retina, volumetric analysis could be considered a substitute for the analysis of HE area.
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Diabetic retinopathy is a leading cause of legal blindness 
in developed countries, and diabetic macular edema 
(DME) is an important cause of visual impairment in dia-
betic individuals [1,2]. The most commonly used indicator 
of DME is central retinal thickness (CRT), which reflects 
the amount of accumulated fluid in the center of the fovea 
[3]. However, based on several reported cases, visual acuity 
deteriorates even when the CRT is in the normal range and 
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visual acuity improves although CRT increases [4]. Vari-
ous factors other than CRT are associated with visual acui-
ty in patients with DME. 

Hard exudates (HEs), which can be frequently observed 
with DME [5], are a special form of DME composed of li-
poproteins from retinal microaneurysms and dilated capil-
laries. Accumulation of HEs in the fovea can cause degen-
eration of both photoreceptors and neurons, resulting in 
poor visual prognosis [6,7]. Thus, precise measurement of 
HEs is important for predicting prognosis or monitoring 
the results of DME treatment.

In previous studies, the analysis of HEs was performed 
with qualitative grading systems. The HE areas were clas-
sified as definite (>0 to 0.1 mm2), obvious (>0.1 to 0.5 
mm2), moderate (>0.5 to 2.5 mm2), or severe (>2.5 mm2) 
using the Early Treatment Diabetic Retinopathy Study 
(ETDRS) classification based on a set of standard photo-
graphs [5,7]. However, this method should tolerate different 
categorizations depending on the judgment of the investi-
gator. Recently, HEs were evaluated in 2-dimensional im-
ages using color fundus photography and quantitative data 
were obtained [8,9].

Because HEs are distributed in multiple layers of the ret-
ina, the authors hypothesized that volumetric evaluation of 

HEs might better reflect the actual amount. Herein, a new 
method for quantitative analysis of HEs using optical co-
herence tomography (OCT) is introduced. In the current 
study, the agreement and correlation between a new volu-
metric evaluation of HEs and conventional area analysis in 
color fundus photography were analyzed. 

Materials and Methods

This was a retrospective, consecutive case series study. 
The medical records of patients with DME who underwent 
focal laser treatment were reviewed. All patients were 
treated between January 2015 and December 2017 and fol-
lowed up for more than 3 months. The study protocol ad-
hered to the tenets of the Declaration of Helsinki and was 
approved by the institutional review board of Haeundae 
Paik Hospital (2010-10-011). Written informed consent was 
waived due to the retrospective nature of the study.

Inclusion criteria were CRT ≥250 μm as measured using 
spectral domain OCT (SD-OCT; Cirrus OCT, Carl Zeiss 
Meditec, Dublin, CA, USA) and presence of HEs in the 
perifoveal area confirmed both on SD-OCT and color fun-
dus photography (TRC-NW8, Topcon, Tokyo, Japan). Ex-

Fig. 1. Volumetric analysis of hard exudates. (A) Optical coherence tomography B-scan image before binarization. (B) Binary image of 
optical coherence tomography B-scan. (C) Summation of each 128 binary image to calculate the volume of hard exudates. 
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clusion criteria were pan-retinal photocoagulation (PRP) 
within 6 months, previous history of focal or grid laser, 
and presence of other ophthalmologic diseases (e.g., age-re-
lated macular degeneration, epiretinal membrane, retinal 
vascular disease) that could affect the results. Focal laser 
treatment was performed with a modified ETDRS tech-
nique using burns that are lighter than originally specified 
in the ETDRS.

The following baseline characteristics were investigated: 
age, sex, duration of diabetes mellitus, glycated haemoglo-
bin (HbA1c) level, previous history of PRP, intravitreal in-
jections prior to laser treatment, and associated systemic 
diseases such as hypertension and hyperlipidemia. The 
volume and area of HEs were measured before and  
3 months after the focal laser treatment. The CRT was 
measured at the fovea center using the built-in SD-OCT 
software.

Volume and HE area measurements

The volume of HEs was measured using an automated 
customized program (Fig. 1A-1C). Using 512 × 128 pixels, 
6 mm × 6 mm OCT cube scans, the HEs in each OCT 
B-scan binary image were measured (Fig. 1B). The retina 
was bounded by internal limiting membrane and retinal 
pigment epithelium (RPE), and the target HEs were mea-
sured by filtering the pixel signal using binarization. The 

threshold of binarization was set as a uniform cut-off val-
ue. The volume of HEs was measured by summing the 
segmented HEs in each 128 B-scan image (Fig. 1C).

The area of HEs was measured in 6 mm x 6 mm color 
fundus photography (Fig. 2A-2C) using ImageJ software 
(National Institutes of Health, Bethesda, MD, USA; http://
rsb.info.nih.gov/ij) semi-automatically. Reference length 
was adopted from the corresponding OCT image scale. 
Fundus photography images were imported into ImageJ 
software and green channel image was used for the analy-
sis. The binarization image was generated over the auto-
matic threshold function of ImageJ. In this binarization 
image, pixels other than HEs, including vessel or optic 
disc, were manually eliminated by the examiner (H.R.K) 
after comparison with baseline fundus photography. Fovea 
was identified by overlaying the OCT fundus image. Then 
total area of HEs was measured.

The following were excluded from the present study due 
to poor quality: 1) poor clarity; 2) segmentation errors; 3) a 
local weak signal <7 in SD-OCT; and 4) inability to sort 
HEs from vessels, hemorrhages and background normal 
retina.

Statistical analyses

All the statistical analyses were performed using SPSS 
ver. 12.0 (SPSS Inc., Chicago, IL, USA). The Wilcoxon’s 
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Fig. 2. Area analysis of hard exudates. (A) Fundus photography before binarization. (B) Binary image of fundus photograph. (C) Mea-
surement of area within 6 × 6 mm image.
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signed rank test was used to evaluate the changes in area 
and volume of HEs before and 3 months after the treat-
ment. The changes in HEs were categorized as increase or 
decrease. The cut-off value was 10% change from baseline 
to 3 months. The agreement of increase and decrease in 
volume and area was analyzed using McNemar’s chi-
square test. Spearman correlation coefficients were used to 
analyze the correlation between the volume and area using 
baseline and 3-month data. Multiple regression analysis 
was performed to investigate the factors predicting the re-
duction of HEs. Univariate regression analysis was used 
for continuous variables, logistic regression analysis was 
used for categorical variables, and multiple regression 
analysis was performed by selecting only variables with a 
p-value <0.20. For others, p < 0.05 was considered statisti-
cally significant. 

Results

Baseline characteristics

A total of 39 eyes of 35 patients were included in the 
study. The mean age was 58.4 ± 9.4 years and 48.6% (17 / 
35) were male. The mean duration of diabetes mellitus was 
11.1 ± 7.2 years, preoperative HbA1c was 8.2 ± 2.2%, and 
systemic hypertension was seen in 11 eyes and hyperlipid-
emia in 7 eyes. The best-corrected visual acuity (logarithm 
of the minimum angle of resolution) was 0.27 ± 0.33 and 
the mean CRT was 292.4 ± 52.1 μm. The baseline charac-
teristics are summarized in Table 1.

Agreement and correlation of the volume and area of 
HEs

In the volumetric analysis, the HEs decreased signifi-
cantly from 0.07978 to 0.02565 mm3 at 3 months ( p < 
0.001). In the area analysis, the HEs also decreased signifi-
cantly from 15.35 to 8.60 mm2 at 3 months (p < 0.001). 
From baseline to 3 months, the volume of HEs was de-
creased in 34 eyes and increased in five eyes. The area of 
HEs was decreased in 37 eyes and increased in two eyes. 
The agreement of increase and decrease in volume and 
area was concordant (p = 0.248, McNemar’s chi-square 
test). The volumetric analysis showed a positive predictive 
value of 40% and a negative predictive value of 100%. The 

sensitivity and specificity were 100% and 91.9%, respec-
tively. The volume was correlated with area with moderate 
strength (correlation coefficient = 0.516, p < 0.001) (Fig. 3).

Table 1. Baseline characteristics of patients treated using fo-
cal laser for diabetic macular edema 

Characteristic Value
Eyes (patients) 39 (35)
Age (yr) 58.4 ± 9.4 
Sex (male : female) 17 : 18

Central retinal thickness (μm) 292.4 ± 52.1

BCVA (logMAR) 0.27 ± 0.33
Previous PRP (eyes) 22
Hypertension (eyes) 11
Dyslipidemia (eyes) 7
Duration of diabetes mellitus (yr) 11.1 ± 7.2
Glycated haemoglobin (%) 8.2 ± 2.2
Combine intravitreal injection (eyes) 18
 Bevacizumab 14

Ranibizumab 1
Dexamethasone implant 2
Triamcinolone acetate 1

Values are presented as number or mean ± standard deviation.
BCVA = best-corrected visual acuity; logMAR = logarithm of 
the minimum angle of resolution; PRP = pan-retinal photocoagu-
lation.

Fig. 3. Scatter plot between the volume and area of hard exu-
dates.

Vo
lu

m
e 

of
 h

ar
d 

ex
ud

at
e 

(m
m

3 )

Area of hard exudate (mm2)

0 10 20 30 40

0.4

0.3

0.2

0.1

0

Correlation coefficient = 0.516
p < 0.001



403

HR Kim, et al. Quantitative Volume Analysis of Hard Exudate

Disagreement between the volume and area of HEs

Three cases showed discrepancy in the measurements of 
HEs; decrease in area and increase in volume. In two cas-
es, increase of HEs in the outer retina was noted (Fig. 4A-
4F). In the other case, HEs were indistinct in the fundus 
photography. In addition, hyperref lective materials sus-
pected as HEs, were detected on OCT (Fig. 5A, 5B).

Factors affecting decrease in HEs

Based on a multiple regression logistic test, significant 
decrease of HEs at 3 months after the treatment was cor-
related with more extensive volume of baseline HEs (p < 
0.001, R2 = 0.791). Age, sex, prior intravitreal injection, an-
ticipatory PRP, duration of diabetes mellitus, and presence 
of hyperlipidemia or hypertension did not affect the de-
crease in HEs.

Discussion

In the current study, a new method for quantitative vol-
ume analysis of HEs using SD-OCT was introduced. The 
volume of HEs significantly correlated with conventional 
area of HEs, and the direction of increase and decrease 
was concordant. However, in some cases, discrepancy be-
tween the volume and area analysis was observed.

In previous studies, the usefulness of OCT as a diagnos-
tic tool and staging marker of diabetic retinopathy has 
been reported [10,11]. Specifically, OCT can detect early 
changes of HEs [11]. In addition to earlier detection of HEs, 
the authors of the present study hypothesized the accurate 
measurement of HEs as a potential prognostic indicator of 
diabetic retinopathy can be performed using OCT, and de-
veloped a customized program to measure hyperreflective 
materials on OCT. 

Hyperreflective foci, first described by Bolz et al. [12], 
are considered lipid extravasations acting as subclinical 
HEs [13-15]. Niu et al. [13] proposed that large hyperreflec-
tive foci form confluent deposits in the outer retina and 
appear clinically as HEs on color fundus photography. 
Thus, the hyperreflective materials on OCT scans might 
reflect the amount of HEs, although other hyperreflective 
materials not associated with HEs are of concern. Small 
hyperreflective foci might represent aggregates of activat-
ed microglial cells or migrated RPE cells [13,16,17], hence 
interfering with the measurement of HEs. When designing 
this study, we considered this problem, however, technical-
ly discriminating migrated RPEs from HEs was difficult. 
Most hyperreflective foci are considered precursors of HEs 
in patients with diabetic retinopathy [13], and migrated 
RPE cells are frequently observed in patients with age-re-
lated macular degeneration [17]. To minimize the influence 
of migrated RPE cells, only DME patients were enrolled in 

Fig. 4. Representative case of discrepancy between the volume 
and area of hard exudates. Color fundus photographs before (A) 
and after (B) the focal laser show decreased area of hard exu-
dates. In the cross-sectional optical coherent tomography and 
optical coherent tomography binary images of the same location 
(sky-blue arrows), hard exudates (yellow arrows) were increased 
in the outer retina after focal laser (D,F) compared with baseline 
(C,E).
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Fig. 5. Representative case of discrepancy between the volume 
and area of hard exudates. (A) In fundus photography, presence 
of hard exudates is not obvious (arrow). (B) On optical coherence 
tomography, hyperref lective materials (arrows), suspected as 
hard exudates, are visible in horizontal (top) and vertical (bottom) 
scans.
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the present study.
The cut-off value for binarization was another issue be-

cause a different value could significantly affect the re-
sults, thus, a uniform cut-off value was determined for 
OCT images. The OCT scan is originally a monochromatic 
image and has an automatic function to adjust the overall 
contrast. After comparing more than 100 cases, the most 
appropriate threshold was determined that did not misin-
terpret other retinal tissues as HEs. The uniform cut-off 
value provided consistent results throughout program de-
velopment. However, in fundus photographs, each photo-
graph varies in white balance and contrast resulting from 
exposure to the light, and even brightness of the posterior 
pole and the peripheral retina differs in the same image. 
Therefore, the uniform cut-off value was not appropriate 
for the estimation of fundus photographs. Instead, the au-
to-threshold function of ImageJ and manual elimination of 
noise signal (e.g., retinal vessels, hemorrhages, retinal 
nerve fibers) were used for precise measurements. In addi-
tion, this method has shown relatively consistent results in 
previous studies [7,8]. 

The agreement and correlation between the area and 
volume showed relatively good results. However, three 
cases showed disagreement between the volume and area 
of HEs. There are two possible reasons for this disagree-
ment. First, increased HEs in the outer retina may be the 
cause, as shown in Fig. 4. Distributional change in HEs has 
already been reported in a previous study. Pemp et al. [18] 
suggested the change in HE distribution after intravitreal 
injection of anti-vascular endothelial growth factor in 
DME subjects. Although their study included only patients 
treated with intravitreal injections, distributional change 
may occur in patients treated with a focal laser, resulting 
in discrepancy of area and volume. Second, the resolution 
of SD-OCT (1 to 10 μm) [13] is higher than color fundus 
photograph, rendering SD-OCT more favorable for detect-
ing small amounts of HEs. In Fig. 5, HEs which were in-
distinct in fundus photography were detected on OCT. 
Davoudi et al. [19] previously reported hyperreflective foci 
on OCT and indistinct HEs, or any other pathology, in the 
corresponding area on fundus photographs.

When analyzing discrepant cases, the advantages of vol-
umetric analysis over conventional area analysis were con-
sidered in the present study. HEs are distributed in 3-di-
mensional patterns because they are deposited in multiple 
layers of the retina. The 3-dimensional volume analysis is 

more likely to reflect the actual amounts of HEs than 2-di-
mensional area analysis. In addition, volume analysis can 
detect small amounts of HEs that are not obvious in fun-
dus photography, although not because of volumetric anal-
ysis but the use of OCT.

Widely known predictors of visual prognosis of diabetic 
eyes include age, sex, duration of diabetes mellitus, base-
line best corrected visual acuity, presence of subretinal 
fluid, presence of HEs, baseline CRT, glycemic variability 
(e.g., HbA1c), lipid/lipoprotein related complexes, and 
blood pressure [20,21]. However, factors associated with 
the change in HEs in diabetic retinopathy have not been 
clarified. In the present study, the above-mentioned factors 
were not significantly associated with the change of HEs 
in both area and volume analyses. Further studies elucidat-
ing causal and influential factors of HEs are warranted.

The present study had several limitations including a 
small sample size and retrospective design. In addition, er-
rors in measuring HEs in the fundus photographs may be 
caused by some lesions (e.g., blood vessels, cotton wool 
spots, and even normal retinal nerve fiber layer with simi-
lar reflectivity of HEs). Furthermore, hyperreflective mate-
rials observed on the OCT image were not always consis-
tent with HEs, hindering the accuracy of the measurement. 
Finally, single measurements of HEs did not eliminate the 
interobserver variability, resulting in possible inaccuracies. 
Nevertheless, to the best of the authors’ knowledge, this is 
the first report in which a new method of quantitative vol-
umetric analysis of HEs was introduced.

In conclusion, the volume and area of HEs were signifi-
cantly correlated and the agreement of increase and de-
crease was concordant. Considering the distribution of 
HEs in multiple layers of the retina, volumetric analysis 
could be considered a substitute for conventional area 
analysis.
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