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Abstract: This study’s goal is to determine the accuracy of a linear classifier that predicts the prognosis
of patients with macular edema (ME) due to a branch retinal vein occlusion during the maintenance
phase of antivascular endothelial growth factor (anti-VEGF) therapy. The classifier was created using
the clinical information and optical coherence tomographic (OCT) findings obtained up to the time of
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Citation: Matsui, Y.; Imamura, K.; patients were divided into two groups: those with and those without good vision during the PRN
Chujo, S.; Mase, Y.; Matsubara, H.; phase. The mean AUC of the classifier was 0.93, and the coefficients of the explanatory variables were:

Sugimoto, M.; Kawanaka, H.; Kondo,  pact corrected visual acuity (BCVA) at baseline was 0.66, BCVA at first resolution of ME was 0.51, age
M. Which Explanatory Variables

was 0.21, the average brightness of the ellipsoid zone (EZ) was —0.12, the intactness of the external
Contribute to the Classification of

limiting membrane (ELM) was —0.14, the average brightness of the ELM was —0.17, the brightness
Good Visual Acuity over Time in

) ) ) . value of EZ was —0.17, the area of the outer segments of the photoreceptors was —0.20, and the
Patients with Branch Retinal Vein

Occlusion with Macular Edema intactness of the EZ was —0.24. This algorithm predicted the prognosis over time for individual

Using Machine Learning? J. Clin. patients during the PRN Phase~
Med. 2022,11,3903. https://
doi.org/10.3390/jcm11133903 Keywords: optical coherence tomography; branch retinal vein occlusion; fovea; macular; logistic

regression; machine learning; clinical prediction models
Academic Editor: Hiroto Terasaki

Received: 10 May 2022
Accepted: 2 July 2022
Published: 4 July 2022 1. Introduction

Publisher’s Note: MDPI stays neutral Branch retinal vein occlusion (BRVO) is a common form of retinal vascular disease [1].
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al Macular edema (ME) associated with branch retinal vein occlusion (BRVO) causes a rapid
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visual acuity. For this reason, one of the most important types of data that patients want to
know is the clinical prognosis of individual patients if they continue treatment. One way to
solve this problem is to use machine-learning prediction algorithms. Clinical predictions
are performed on the basis of individual patient variables. Thus, Gallardo and colleagues
reported that it was possible to predict the treatment demand in real-world BRVO patients
using machine learning from a small dataset [8]. Regarding visual function prognosis, many
factors that were already known were significantly correlated with the final BCVA [9-15].
However, the causal relationships and inter-relationships are complex, and it is difficult for
clinicians to predict visual function after the continuous treatment of an individual patient
at an early point of the treatment. During the first-year maintenance phase of anti-VEGF
therapy, our group has shown that a nonlinear algorithm could predict BCVA in patients
with ME due to BRVO. This was achieved by using the clinical information and optical
coherence tomographic (OCT) findings obtained at the time of the first resolution of the ME
after the initial treatment [16]. However, the degree of the contribution of each explanatory
variable to the classification was not determined.

Thus, the purpose of this study was to determine the degree of contribution of each
explanatory variable to the classification. To accomplish this, we set up a single-label
two-class problem to classify the patients into two groups: Group A with good visual
outcome, and Group B with poor visual outcome. We determined the accuracy of the new
linear classifier and the degree of contribution of the explanatory variables.

2. Materials and Methods
2.1. Patients and Treatment Regimen

This was a single-center, retrospective cohort study of the medical records of patients
examined in the Department of Ophthalmology, Mie University Hospital from May 2011
to March 2021.

The participants of this study were the same ones as those in our previous study [16].
Patients with acute BRVO with ME who had received one initial anti-VEGF injection
followed by a monthly PRN regimen with no loading phase and 12 months of follow-up
examinations were studied. The eligibility criteria were: BRVO was the only disease causing
the visual acuity reduction; no prior treatment for ME such as anti-VEGF treatments, laser
photocoagulation, intraocular surgery, or intravitreal steroid injection, before the initiation
of this study and during the follow-up period; the ME was resolved at 1 to 2 months
after the first anti-VEGF treatment; cataract surgery had not been performed during the
postoperative period; and cases in which there were no missing values in the explanatory
variables. None of the patients had bilateral BRVO.

Each patient received one initial intravitreal injection of anti-VEGF agent followed by
a monthly PRN regimen (1 + PRN). At the monthly visits, a repeat injection was given if the
mean central foveal thickness (CFT) was >300 pm or if subretinal fluid (SRF) was present
at the fovea in the OCT images. Spectral domain (SD) OCT images were recorded with the
Spectralis OCT (Spectralis HRA + OCT, Heidelberg Engineering, Heidelberg, Germany) at
the baseline and every month after the initial anti-VEGF injection.

2.2. Grouping into Two Groups Based on Visual Acuity over Time

The BCVA was measured at the baseline and at every visit after the initial anti-VEGF
treatment. We focused on the BCVA over time, and defined Group A patients as those with
good prognosis whose maximal BCVA was <0 logarithm of the minimal angle of resolution
(logMAR) units and a minimal BCVA of <0.15 logMAR units after the first resolution of the
ME for up to 12 months after the first treatment. Group B consisted of all other cases. One
of the cutoff values for BCVA, 0.15 logMAR units, was adopted because it is the standard
value for visual acuity required for renewal of a Japanese driver’s license.
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2.3. Preprocessing of OCT Images and Features from OCT Images

The B-scan vertical tomographic images taken just prior to the first resolution of the
ME were used to create some of the handcrafted features. The original size of the OCT
image was 768 x 496 pixels (px; 9 mmx 1.9 mm, 30°), and it was cropped to create a
50 x 256 px (0.59 mm x 0.98 mm, 1.96°) trimmed image. The trimming process was
manually performed with the foveal bulge or foveal pit as the center of trimmed image.
This was conducted by one of the authors (YM). From the trimmed images, the features
related to the visual acuity were defined as the handcrafted features as performed in earlier
studies [11-14]. Annotation was added to the trimmed images with the following method.
First, the ELM, EZ, and RPE were manually marked in the trimmed images by an examiner
(YM) using image-editing software GIMP [17]. The ELM, EZ, and RPE lines were drawn
(Figure 1).

Figure 1. (A,B) SLO and OCT images of a representative case of branch retinal vein occlusion (BRVO)
classified as Groups A and B, respectively, at the time of ME resolution. Each green line represents a
scanned line in the fundus. OCT image on the right is a trimmed image of the original image. In the
trimmed image, the ELM (pink) and EZ (yellow) lines are annotated, and the area surrounded by the
EZ and RPE (yellow) lines. ELM = external limiting membrane; EZ = elliptical zone; RPE = retinal
pigment epithelium.

Then, 5 types of handcrafted features were created for the objective evaluations. The
handcrafted features were: (1) ELM continuity-org, the sum of the brightness values under
the ELM line; (2) EZ continuity-org, the sum of the brightness values under the EZ line;
(3) ELM clarity, the sum of the ratio between the brightness value below the ELM line and
the average brightness values of 3 pixels above and below it; (4) EZ clarity, the total sum
of the ratio between the brightness value below the EZ line and the average value of the
brightness values of 3 pixels above and below it; and (5) Area was the area surrounded by
the EZ and RPE lines. These handcraft features were set as continuous quantity variables.
The brightness values of OCT images were in the range from 0 to 255, and the brightness of
the ELM and EZ lines was determined with the following equation for standardization; the
optimized brightness of ELM or EZ line = 255/(255 — B). The brightness of the ELM or EZ
line was defined as A, and the brightness of the liquefied vitreous body was defined as B.
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This method of standardizing the image brightness was based on our previous paper [18].
For Factors 1-4, when there was no line, the brightness value of that pixel was added as 1.

We also created two handcrafted features on the basis of the subjective evaluations of
the trimmed images. The continuity of each EZ and ELM line was subjectively classified to
three levels: vanishing, discontinuous, and continuous, and each was assigned a value of 0,
1, or 2, respectively. These handcrafted features were set as categorical variables.

2.4. Selection of Explanatory Variables

Variables that were statistically significantly different between the two groups were
used as candidates for the explanatory variables (Figure 2). Comparisons of the variables
and handcraft features between the two groups were performed using the following tests.
The Kolmogorov-Smirnov test was used for the continuous variables, i.e., the age, interval
from onset to treatment, BCVA (logMAR units) at the baseline, interval between initial
treatment to the first resolution of the ME, BCVA at the time of first resolution of the
ME, ELM-continuity-org, ELM-clarity, EZ-continuity-org, EZ- clarity, and Area. Fisher’s
exact tests were used to determine the significance of the differences in the categorical
variables of the sex, disease type, left or right affected eye, the location of lesions, and the
integrity of the ELM and EZ. The Wilcoxon test was used to determine the significance of
the association between the BCVA at the baseline and at 12 months. The findings were taken
to be statistically significant when p < 0.05. Then, among those variables with variance
inflation factor values that were greater >10, i.e., R? scores greater than 0.9, were eliminated.
One variable with the highest R? score greater than 0.9 was also eliminated, and the test
was conducted until the R? score for all variables was less than 0.9. Lastly, the remaining
variables were used as the explanatory variables. All statistical analyses were performed
using statistical programming language R (R version 3.1.3; e foundation for Statistical
Computing, Vienna, Austria).

L2)
" O
patient clinical information OCT images
l |
variables
c!agor.ical v.ariab.les c:tir:)us.qua;ty:ri;es

Fisher's exact test IKolmogorov-Smirnov testl

l detecting multicollinearity

using Variance Inflation Factor

explanatory variables

Figure 2. Fisher’s probability of correct answer test was conducted for categorical variables for vari-
ables extracted from clinical information and OCT images. K-S tests were conducted for continuous
quantity variables. Variables that had a statistically significant difference between Groups A and
B were used as candidates for explanatory variables. Among these variables, those with variance
inflation factor values greater than 10, that is, those with R2 scores greater than 0.9, were eliminated.
One variable with the highest R? score greater than 0.9 was eliminated, and the tests were conducted
until the R? score for all variables was less than 0.9. Lastly, the remaining variables were used as the
explanatory variables.
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2.5. Machine-Learning Algorithm

We performed a two-stage experiment (Figure 3). The purpose of the first stage was
to determine the hyperparameters. The second stage was to evaluate the classification
performance and feature contributions.
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Figure 3. Algorithm shown in the box is a method of adjusting parameters to maximize the area
under the curve (AUC). Then, as shown in the algorithm in the lower box, a logistic regression model
was created with the training data by fixing the parameters at the most frequent values among those
explored in the upper box, and the model was then evaluated with the test data.

We used logistic regression as the classification algorithm [19]. The loss function is the
negative log-likelihood that is expressed by the following equation:

m

1 1y
E(a) - g{woyi logcf(m x;) +wi(1—y;) 108(1 — O(a, xi)) + C ;}“7|2} @
i= 1=

where m : number of training data, n, number of features; x; sample I [x1, x2, x3,- -, xn}T,
y; : correct answer label of sample i, « : coefficients [aq, ap, a3, -, an]T, C : regularization
parameter, 0(,, ) : sigmoid function 1/ (1 + exp(—a'x)), wy : class weight of Group A, w; :
class weight of Group B.

The above loss function E,) was minimized, and the coefficient « was updated with
the limited-memory Broyden Fletcher Goldfarb Shanno (L-BFGS) algorithm. In the first
stage of the experiment, stratified cross-validation was carried out as follows. First, we
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selected 20% of patients (i) as the testing data and the rest (ii) as the training data within the
constraints that the ratio of Group A (n = 23) to B (n = 43) would be the same for (i) and (ii).
Next, we carried out a stratified fourfold cross-validation for model construction and
parameter tuning using (ii). To adjust the hyperparameters of the logistic regression,
regularization parameter C was grid-searched at 0.001, 0.01, 0.1, 1, 10, and 100. After
the model construction and parameter tuning, we evaluated the model using (i). The
evaluation index in the grid search and the test is the area under the curve (AUC).

We conducted the above process 100 times for the determination of the hyperparam-
eters. The most selected value of C in the first stage was adopted for the second stage to
evaluate the classification performance and feature contributions.

In the second stage of the experiment, we conducted the same process as that in the
first stage, but the grid search with stratified fourfold cross-validation was omitted because
the regularization parameter C was determined. This is why the series of flow (data split,
training, and tests) was carried out 100 times. Lastly, the classification performance and
feature contributions were evaluated with the interval estimation of AUC and coefficients
«. In addition, the class weight of Group A was applied 43/23 times more than the
one of Group B because of the imbalanced data. The features were standardized before
the machine-learning process. These tasks were implemented using the Python library
scikit-learn [20].

3. Results
3.1. Demographics of Each Group

Some of the findings of this study were presented in our earlier paper [16]. In brief,
66 eyes of 66 patients who had met the eligibility criteria were studied, and the results of
grouping by the visual acuity over time placed 23 eyes in Group A, and 43 eyes in Group B.
The demographics of each group are listed in Table 1.

Table 1. Baseline patient characteristics.

Variables All (n = 66) Group A (n = 23) Group B (n = 43) p Value
Men, n (%) 36 (54.5) 17 (73.9) 19 (44.2) 0.368
Age (y), mean £ SD 67.2+94 63.6 = 12.1 69.2 + 6.9 0.024 *
Duration from onset to treatment (weeks), 6.86 + 7.05 496 + 334 790 + 8.28 0.147
mean =+ SD
Type, Major/macula (%) 44(66.7)/22(33.3) 15(22.7)/8(12.1) 29(44.0)/14(21.2) 1
Affected eye, right/left (%) 35(53.0)/31(47.0) 10(15.2)/13(19.7) 25(37.9)/18(27.3) 0.299
Location of affected semifield,
superior/inferior (%) 48(72.7)/18(27.3) 17(25.8)/6(9.1) 31(47.0)/12(18.2) 1
logMAR BCVA at baseline, mean + SD 0.41 +0.30 0.15 +0.15 0.54 +0.28 <0.001 *
l0gMAR BCVA at first resolution of ME, 0.22 + 0.24 0.04 + 0.09 032+ 024 <0.001 *
mean + SD
Period from initial treatment to the first
resolution of ME (weeks), mean & SD 45+ 1.6 45+14 45+17 0.147
logMAR BCVA at 12 months, mean + SD 0.01 £0.16 —0.01 £ 0.06 0.16 = 0.17 <0.001 **
Number of anti-VEGF therapy at 32419 2.6 + 2.0 35419 0.26

12 months

SD = standard deviation; logMAR = logarithm of minimal angle of resolution; BCVA = best-corrected visual
acuity; p values were calculated by comparing each variable between Groups A and B. Variables marked with *
are the results of tests of comparisons between Groups A and B, which were considered significant at p < 0.05
(Kolmogorov-Smirnov test was used for continuous quantitative variables. Fisher’s exact test was used for
categorical variables). Variables marked with ** are those that were considered significant at p < 0.05 in the test of
comparison with logMAR BCVA at baseline for all eyes.
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3.2. Explanatory Variables

Significant differences were observed in age, BCVA at the baseline, and BCVA at the
time of the first resolution of the ME between Groups A and B. The results of the handcrafted
features obtained from the OCT images at the first resolution of the ME are shown in Table 2.
Significant differences were observed in the continuity of the ELM, continuity of the EZ,
ELM-clarity, EZ-continuity-org, EZ-clarity, and area of the photoreceptors between Groups
A and B. The R2 values were calculated to exclude variables with multicollinearity (Table 3).
There were no multicollinearities between the variables that were statistically different
between Groups A and B, and all were selected as explanatory variables.

Table 2. Features of trimming image at the first resolution of ME.

Variables All (n = 66) Group A (n =23) Group B (n =43) p Value

Continuity of ELM, .
defect/discontinuous/continuous (%) 6(9.1)/12(18.2)/48(72.7) ~ 0/1(1.5)/22(33.3) 6(9.1)/11(16.7)/26(39.4) 0.007

Continuity of EZ, .
defect/discontinuous/continuous (%) 8(12.1)/26(39.4)/32(48.5) 0/5(7.6)/18(27.3) 8(12.1)/21(31.8)/14(21.2) <0.001
ELM-continuity-org 5021 + 1271 5019 + 1358 5021 + 1271 0.295

ELM-clarity 1.14 +0.12 1.20 +0.10 1.10 +0.12 0.001 *

EZ-continuity-org 6911 =+ 2352 8140 £ 1827 6239 + 2353 0.006 *

EZ-clarity 1.14 £ 0.12 121 +0.11 1.11 £ 0.12 <0.001 *

Area 615 + 203 689 + 124 576 + 228 0.006 *

ELM = external limiting membrane; EZ = ellipsoid zone; continuity-org = total sum of the brightness values under
the ELM or EZ line; clarity = total sum of the ratio between the brightness value below the ELM or EZ line and
the average value of the brightness values of 3 pixels above and below it; Area = area surrounded by the EZ and
RPE lines; p values were calculated by comparing each variable between Groups A and B. *, significant at p < 0.05
(Kolmogorov-Smirnov test was used for the continuous quantity variables. Fisher’s exact test was used as the
categorical variables).

Table 3. Evaluation of multicollinearity.

Variables R? Score Judge

Age 0.115 False

logMAR BCVA at baseline 0.382 False
IOgreMs‘glli ngﬁf ifémt 0.613 False
Continuity of ELM 0.623 False
Continuity of EZ 0.638 False
ELM-clarity 0.655 False
EZ-continuity-org 0.416 False
EZ-clarity 0.595 False

Area 0.362 False

logMAR = logarithm of minimal angle of resolution; BCVA = best-corrected visual acuity; ELM = external limiting
membrane; EZ = ellipsoid zone; continuity-org = total sum of the brightness values under the ELM or EZ line;
clarity = total sum of the ratio between the brightness value below the ELM or EZ line and the average value of
the brightness values of 3 pixels above and below it; Area = area surrounded by the EZ and RPE lines.

3.3. Hyperparameters of Logistic Regression

The frequency of the occurrence of hyperparameters in 100 pretests for the adjust-
ment of hyperparameters to maximize AUC is shown in Figure 4. On this basis, the
hyperparameter used in the final test was fixed with a constant of 0.1.
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Figure 4. Frequency of each of the constant terms in the parameters.

3.4. Classification Performance

The predictive performance of classification between Groups A and B is shown in
Figure 5. The mean AUC was 0.93, and the standard deviation was 0.08.

1.0 -
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False positive rate

Figure 5. Mean receiver operating characteristic (ROC) curve of the classifier for Groups A and B
with good and poor visual acuity over time during maintenance treatment. The standard deviation
(SD) was equivalent to the SD of the area under the ROC curve (AUC) obtained by evaluating the
model 100 times with the test data.

3.5. Specific Contribution of Explanatory Variables

The determined regression coefficients are shown in Table 4 and Figure 6. The regres-
sion coefficients of the explanatory variables were: BCVA at baseline was 0.653, BCVA at
first resolution of ME was 0.513, age was 0.210, EZ-clarity was —0.119, continuity of ELM
was —0.144, ELM-clarity was —0.170, EZ-continuity-org was —0.173, Area was —0.198, and
continuity of EZ was —0.244.
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Table 4. Coefficients of explanatory variables.

95% Confidence Interval of the Mean

Variables Mean SD
Lower Limit Upper Limit
logMAR BCVA at baseline 0.656 0.049 0.646 0.666
logMAR BCVA at first 0513 0.039 0.505 0.521
resolution of ME
Age 0.210 0.070 0.196 0.224
EZ-clarity —0.119 0.069 —0.133 —0.105
Continuity of ELM —0.144 0.050 —0.154 —0.134
ELM-clarity —0.170 0.062 —0.182 —0.158
EZ-continuity-org -0.173 0.075 —0.188 —0.158
Area —0.198 0.076 —0.213 —0.183
Continuity of EZ —0.244 0.059 —0.255 —0.232

The greater the value of the explanatory variable with a positive coefficient, the more likely it was to be classified
in Group B. On the other hand, the greater the value of the explanatory variable with a negative coefficient was,
the more likely it was to be classified in Group A. SD = standard deviation; logMAR = logarithm of minimal
angle of resolution; BCVA = best-corrected visual acuity; ELM = external limiting membrane; EZ = ellipsoid zone;
continuity-org = total sum of the brightness values under the ELM or EZ line; clarity = total sum of the ratio
between the brightness value below the ELM or EZ line and the average value of the brightness values of 3 pixels
above and below it; Area = area surrounded by the EZ and RPE lines.

Area o—{[ }I—w

EZ-clarity o— [
EZ-continuity-org ©) — [
ELM-clarity —{ 0
continuity of EZ —T :
continuity of ELM o— [}—o
logMAR BCVA —T1—o

at first resolution of ME

logMAR BCVA I [:] i
at baseline :

Age }—{ |—| O
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Figure 6. Box and whisker diagrams with outliers showing coefficients of explanatory variables. Max-
imal and minimal whisker lengths are set to the upper and lower limits of 1.5 times the interquartile
range (IQR). First quartile —1.5 x IQR is the lower limit of the whisker, and third quartile + 1.5 x IQR
is the upper limit of the whisker. Values smaller than the lower end of the whisker or larger than the
upper end of the whisker are indicated by circles as outliers.

4. Discussion

In an earlier study, we used the same dataset with monthly visual acuity data for one
year after the initial treatment as used in this study to classify two different prognoses of
BCVA over time in eyes with ME due to a BRVO. The eyes were treated with the PRN
regimen after the initial anti-VEGF injection. As shown in Table 1, our patients improved
statistically significantly at 12 months post-treatment compared to the baseline logMAR
BCVA. During the first year after the initial treatment of ME eyes with BRVO, BCVA
fluctuated widely due to the high incidence of ME recurrence. Because BCVA at a given
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point in time does not always reflect the patient’s prognosis for visual function, we defined
a threshold value on the basis of BCVA trends over time, and divided patients into two
groups with different prognoses. The difference between the two studies was that, in the
previous study, we used a nonlinear algorithm and support vector machine, but in this
study, we used a linear algorithm and logistic regression. To the best of our knowledge,
there have not been reports predicting the BCVA over time in eyes with ME due to BRVO
from information at the time of first resolution of the macular edema after the initial
anti-VEGF treatment. In that study, we used a nonlinear algorithm because we assumed
that this classification task had an inherent complex nonlinear structure in it. The results
showed that the classification performance was 0.806 for accuracy, 0.768 for precision,
0.772 for recall, and 0.752 for the F-measure. However, from the results of the current
study, we found that the average accuracy of the linear algorithm was 0.93 AUC (Figure 4),
showing that the linear algorithm was also capable of performing this classification task
with high accuracy.

In constructing the prediction model, it was important to be able to understand the
reason and accuracy of the model. The variables that were significantly correlated with the
BCVA of eyes with ME associated with a BRVO were reported [4-7,9,10,21-23]. However,
the causal relationships were too complex for clinicians to make prognostic predictions
for their patients. Gallardo and colleagues used machine learning, and they also reported
that the number of treatments could be predicted by extracting the variables from the OCT
images [6]. Their study also obtained the degree of explanatory variables that contributed
to the results. In our current study, the regression coefficients of the explanatory variables
whose higher values predicted a poorer prognosis were, in order of influence, the BCVA
at the baseline, the BCVA at the first resolution of the ME, and age (Table 4 and Figure 5).
The BCVA at the baseline had the greatest influence on the prediction. There are reports on
the post-treatment visual acuity, and its relationship to the pre- and post-treatment visual
acuity after continuous anti-VEGF treatments [5,9,10]. This suggests the importance of
starting treatments before the pretreatment BCVA becomes severe because the pretreatment
BCVA worsens the later treatment is begun.

In terms of the BCVA at the time of the first resolution of the ME, the BCVA on the first
day after the initial treatment was correlated with the BCVA at 6 months [23]. Although
not as good as the pretreatment visual acuity, it was significantly correlated with the BCVA
at the first resolution of the ME. The age was expected to have some influence on the
prediction given the prevalence of atherosclerosis, in the elderly and the fact that vascular
occlusion and stenosis are pathological conditions associated with BRVO [10]. Results show
that the coefficients of age, and the means and standard deviations of the area of the outer
segments of the photoreceptors were similar significant factors in predicting BCVA over
time. However, age had a greater impact on the prediction than that of the findings of the
OCT images.

On the other hand, the regression coefficients of the explanatory variables whose
higher values predicted better prognosis were, in order of influence, the continuity of
EZ, the area of the outer segments of the photoreceptors, EZ-continuity-org (brightness
values of EZ), ELM-clarity (brightness values of ELM averaged in the vertical direction),
continuity of ELM, EZ-clarity (brightness values of EZ averaged in the vertical direction),
continuity of ELM, and the area of the outer segments of the photoreceptors. For this
classifier, information of the demographics of the patients was needed more than that of
the images. However, information obtained from the OCT images was also important for
the predictions.

There are several reports on the relationship among OCT morphological findings,
such as the EZ [13,14,24], area of the outer segments of the photoreceptors [11,12], and the
integrity of the ELM and the visual acuity in eyes with BRVO [14]. We determined the
variables for our study on the basis of these findings. Looking at the coefficients of the
above six variables, the top three were the continuity of the EZ, the area of the outer seg-
ments of the photoreceptors, and the EZ-continuity-org, the brightness values of EZ. These



J. Clin. Med. 2022, 11, 3903

110f13

variables were derived from the photoreceptors, and the results suggest that maintaining
the normality of these structures may be a goal of the initial treatment. The ELM-clarity,
i.e., brightness values of ELM averaged in vertical direction, was the fourth highest co-
efficient. As Hasegawa and colleagues inferred that the ELM is a structure that stops
photoreceptor damage caused by intraretinal fluid [14], the present results suggest that the
ELM may play an important role in visual function during the maintenance treatment.

The OCT B-scan images were used when the macular edema had disappeared, and
the image was cropped to 2 mm. There were two reasons for this cropping. First, the
images had the least variability in the induction phase of the treatment. Because our
dataset was small, it was important to minimize the variations. The second reason for
cropping was because the cell density of the macula is exponentially higher from the
periphery to the center [25]. Within 2 degrees of the center of the macula, the density of
cone cells is especially high [25,26], which is the region that contributes significantly to
BCVA [27]. Curcio and colleagues reported that there are 50,000 cones/ mm? or more within
2 degrees of the center of the macula [25], and Woog and colleagues reported that the visual
function within 2 degrees of the center of the macula corresponded to 0 logMAR units or
better [27]. We annotated the OCT image within 2 degrees of the central macular to define
the continuity and brightness values of the ELM and EZ, and the area of the outer segments
of the photoreceptors as handcrafted features.

There are limitations in this study. One limitation was the small sample size of 66 eyes.
Even though it would have rendered the classifier more suitable, it would need a longer
time to collect a greater amount of clean data of BRVO treated cases that met the eligibility
criteria. The second limitation regarded the selection of the explanatory variables. As
in our previous report, we used a filter method, and variables that showed significant
differences with the targeted variable were used as the explanatory variables [16]. This is
why explanatory-variable selection is the simplest and easiest way to determine whether
the explanatory variable was adopted or not. However, the limitation of this method is that
we could only consider the variables that we had selected. If we could use deep learning to
extract the explanatory variables from the image itself, letting the algorithm perform the
work, we could overcome this limitation. However, due to the limited number of samples,
deep learning could not be used. Lastly, the contribution of the coefficients of these
variables only shows the trend of the prediction model in this dataset and not the result of
generalizing the contribution of the variables of the cause of good or poor prognosis.

5. Conclusions

In conclusion, a classifier was created with handcrafted-feature-based logistic re-
gression that adjusted the parameters to maximize the AUC with accuracy of 0.93. This
algorithm predicted the visual function prognosis over time for individual patients with
ME associated with BRVO before continuous anti-VEGF monotherapy. The patients’ clin-
ical information and OCT findings at the first resolution of the ME was helpful in the
classification of the different prognoses of the BCVA during continued anti-VEGF treatment.
The contribution of the explanatory variables to the classifier was also found.

Author Contributions: Conceptualization, Y.M. (Yoshitsugu Matsui) and K.I.; methodology, Y.M.
(Yoshitsugu Matsui), S.C., K.I. and Y.M.(Yoko Mase); software, K.I.; validation, Y.M. (Yoshitsugu
Matsui) and K.I; formal analysis, Y.M. (Yoshitsugu Matsui) and K.I; investigation, Y.M. (Yoshitsugu
Matsui) and K.I; resources, Y.M. (Yoshitsugu Matsui); data curation, Y.M. (Yoshitsugu Matsui);
writing—original draft preparation, Y.M. (Yoshitsugu Matsui); writing—review and editing, Y.M.
(Yoshitsugu Matsui) and M.K; visualization, Y.M. (Yoshitsugu Matsui); supervision, HM., M.S., HK.
and M.K,; project administration, Y.M. (Yoshitsugu Matsui); funding acquisition, Y.M. (Yoshitsugu
Matsui). All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Grant-in-Aid for Scientific Research (Y.M., 21K16894) from
the Ministry of Education, Culture, Sports, Science, and Technology of Japan. http://www.jsps.go.jp/
(accessed on 1 April 2022).


http://www.jsps.go.jp/

J. Clin. Med. 2022, 11, 3903 12 0f13

Institutional Review Board Statement: The procedures used conformed to the tenets of the Dec-
laration of Helsinki of the World Medical Association. All protocols were approved by the Ethics
Committee of Mie University Hospital (approval number: H2019-219).

Informed Consent Statement: Written informed consent was not obtained from the subjects because
of the retrospective nature of this study. Instead, a home page was created with information on
the purpose of this study for the subjects to read. We emphasized that there was a statement in
the consent form stating that any subjects could opt out of the study at any time by telephone, fax,
or e-mail.

Data Availability Statement: All data included in this study are available from the corresponding
author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Branch Vein Occlusion Study Group. Argon laser scatter photocoagulation for prevention of neovascularization and vitreous
hemorrhage in branch vein occlusion. A randomized clinical trial. Brunch Vein Occlusion Study Group. Arch. Ophthalmol. 1986,
104, 34-41. [CrossRef] [PubMed]

Sruthi, A.; Angela, B.; Peter, KK. Branch vein occlusion. In Ryan’s Retina E-Book, 7th ed.; Sadda, S.R., Schachat, A.P,
Wilikinson, C.P.,, Hinton, D.R., Wiedemann, P., Freund, K.B., Sarraf, D., Eds.; Elsevier Health Science: Amsterdam, The
Netherlands, 2022; Volume 2, pp. 1176-1187.

Shilling, ].S.; Jones, C.A. Retinal branch vein occlusion: A study of argon laser photocoagulation in the treatment of macular
oedema. Br. . Ophthalmol. 1984, 68, 196-198. [CrossRef] [PubMed]

Brown, D.M.; Campochiaro, P.A.; Bhisitkul, R.B.; Ho, A.C.; Gray, S.; Saroj, N.; Adamis, A.P.; Rubio, R.G.; Murahashi, W.Y.
Sustained benefits from ranibizumab for macular edema following branch retinal vein occlusion: 12-month outcomes of a phase
III study. Ophthalmology 2011, 118, 1594-1602. [CrossRef]

Sakanishi, Y.; Lee, A.; Usui-Ouchi, A.; Ito, R.; Ebihara, N. Twelve-month outcomes in patients with retinal vein occlusion treated
with low-frequency intravitreal ranibizumab. Clin. Ophthalmol. 2016, 10, 1161. [CrossRef]

Miwa, Y.; Muraoka, Y.; Osaka, R.; Ooto, S.; Murakami, T.; Suzuma, K. Ranibizumab for macular edema after branch retinal vein
occlusion: One initial injection versus three monthly injections. Retina 2017, 37, 702-709. [CrossRef] [PubMed]

Ang, J.L.; Ah-Moye, S.; Kim, L.N.; Nguyen, V.; Hunt, A.; Barthelmes, D.; Mehta, H.A. Systematic review of real-world evidence of
the management of macular oedema secondary to branch retinal vein occlusion. Eye 2020, 34, 1770-1796. [CrossRef]

Gallardo, M.; Munk, M.R,; Kurmann, T.; De Zanet, S.; Mosinska, A.; Karagoz, 1.K.; Wolf, S. Machine learning can predict
anti-VEGF treatment demand in a Treat-and-Extend regimen for patients with nAMD, DME and RVO associated ME. Ophthalmol.
Retin. 2021, 5, 604—624. [CrossRef] [PubMed]

Tomiyasu, T.; Hirano, Y.; Yoshida, M.; Suzuki, N.; Nishiyama, T.; Uemura, A.; Ogura, Y. Microaneurysms cause refractory macular
edema in branch retinal vein occlusion. Sci. Rep. 2016, 6, 29445. [CrossRef]

lida-Miwa, Y.; Muraoka, Y.; lida, Y.; Ooto, S.; Murakami, T.; Suzuma, K.; Tsujikawa, A. Branch retinal vein occlusion: Treatment
outcomes according to the retinal nonperfusion area, clinical subtype, and crossing pattern. Sci. Rep. 2019, 9, 6569. [CrossRef]
Hasegawa, T.; Ueda, T.; Okamoto, M.; Ogata, N. Presence of foveal bulge in optical coherence tomographic images in eyes with
macular edema associated with branch retinal vein occlusion. Am. J. Ophthalmol. 2014, 157, 390-396. [CrossRef]

Shiono, A.; Kogo, J.; Sasaki, H.; Yomoda, R.; Jujo, T.; Tokuda, N.; Takagi, H. Optical coherence tomography findings as a
predictor of clinical course in patients with branch retinal vein occlusion treated with ranibizumab. PLoS ONE 2018, 13, e0199552.
[CrossRef] [PubMed]

Kang, H.M.; Chung, E.J.; Kim, Y.M.; Koh, H.J. Spectral-domain optical coherence tomography (SD-OCT) patterns and response
to intravitreal bevacizumab therapy in macular edema associated with branch retinal vein occlusion. Graefes. Arch. Clin. Exp.
Ophthalmol. 2013, 251, 501-508. [CrossRef] [PubMed]

Hasegawa, T.; Masuda, N.; Ogata, N. Highly reflective line in optical coherence tomography images of eyes with macular edema
associated with branch retinal vein occlusion. Am. J. Ophthalmol. 2015, 159, 925-933. [CrossRef] [PubMed]

Yu, J.J.; Thomas, A.S.; Berry, D.; Yoon, S.; Fekrat, S.; Grewal, D.S. Association of retinal inner layer disorganization with ultra-
widefield fluorescein angiographic features and visual acuity in branch retinal vein occlusion. Ophthalmic Surg. Lasers Imaging
Retin. 2019, 50, 354-364. [CrossRef]

Matsui, Y.; Imamura, K.; Ooka, M.; Chujo, S.; Mase, Y.; Matsubara, H.; Kawanaka, H.; Mineo, K. Classification of good visual
acuity over time in patients with branch retinal vein occlusion with macular edema using support vector machine. Graefes. Arch.
Clin. Exp. Ophthalmol. 2022, 260, 1501-1508. [CrossRef]

The official Website of the GNU Image Manipulation Program. Available online: https://www.gimp.org (accessed on 1 April 2022).
Matsui, Y.; Kondo, M.; Uchiyama, E.; Miyata, R.; Matsubara, H. New clinical ultrahigh-resolution SD-OCT using A-scan matching
algorithm. Graefes. Arch. Clin. Exp. Ophthalmol. 2019, 25, 255-263. [CrossRef]

Menard, S. Applied Logistic Regression Analysis, 2nd ed.; Sage Publications: Thousand Oaks, CA, USA, 2002; Volume 106.


http://doi.org/10.1001/archopht.1986.01050130044017
http://www.ncbi.nlm.nih.gov/pubmed/2417579
http://doi.org/10.1136/bjo.68.3.196
http://www.ncbi.nlm.nih.gov/pubmed/6365157
http://doi.org/10.1016/j.ophtha.2011.02.022
http://doi.org/10.2147/OPTH.S107594
http://doi.org/10.1097/IAE.0000000000001224
http://www.ncbi.nlm.nih.gov/pubmed/27471827
http://doi.org/10.1038/s41433-020-0861-9
http://doi.org/10.1016/j.oret.2021.05.002
http://www.ncbi.nlm.nih.gov/pubmed/33971352
http://doi.org/10.1038/srep29445
http://doi.org/10.1038/s41598-019-42982-5
http://doi.org/10.1016/j.ajo.2013.10.007
http://doi.org/10.1371/journal.pone.0199552
http://www.ncbi.nlm.nih.gov/pubmed/29924853
http://doi.org/10.1007/s00417-012-2067-8
http://www.ncbi.nlm.nih.gov/pubmed/22653439
http://doi.org/10.1016/j.ajo.2015.01.033
http://www.ncbi.nlm.nih.gov/pubmed/25644536
http://doi.org/10.3928/23258160-20190605-03
http://doi.org/10.1007/s00417-021-05455-y
https://www.gimp.org
http://doi.org/10.1007/s00417-018-4183-6

J. Clin. Med. 2022, 11, 3903 13 0f 13

20.
21.

22.

23.

24.

25.

26.

27.

The official Website of Scikit-Learn. Available online: https://scikit-learn.org/stable/ (accessed on 1 April 2022).
Campochiaro, P.A.; Hafiz, G.; Channa, R.; Shah, SM.; Nguyen, Q.D.; Ying, H.; Syed, B. Antagonism of vascular endothelial
growth factor for macular edema caused by retinal vein occlu- sions: Two-year outcomes. Ophthalmology 2010, 117, 2387-2394.
[CrossRef]

Sakanishi, Y.; Yasuda, K.; Morita, S.; Mashimo, K.; Tamaki, K.; Sakuma, T.; Ebihara, N. Twenty-four-month results of intravitreal
aflibercept for macular edema due to branch retinal vein occlusion. [pn. |. Ophthalmol. 2021, 65, 63-68. [CrossRef]

Minami, Y.; Nagaoka, T.; Ishibazawa, A.; Yoshida, A. Correlation between short-and long-term effects of intravitreal ranibizumab
therapy on macular edema after branch retinal vein occlusion: A prospective observational study. BMC Ophthalmol. 2017, 17, 90.
[CrossRef]

Ota, M.,; Tsujikawa, A.; Murakami, T.; Yamaike, N.; Sakamoto, A.; Kotera, Y.; Miyamoto, K.; Kita, M.; Yoshimura, N. Foveal
photoreceptor layer in eyes with persistent cystoid macular edema associated with branch retinal vein occlusion. Am. J.
Ophthalmol. 2008, 145, 273-280. [CrossRef]

Curcio, C.A,; Sloan, K.R,; Kalina, R.E.; Hendrickson, A.E. Human photoreceptor topography. J. Comp. Neurol. 1990, 292, 497-523.
[CrossRef] [PubMed]

Legras, R.; Gaudric, A.; Woog, K. Distribution of cone density, spacing and arrangement in adult healthy retinas with adaptive
optics flood illumination. PLoS ONE 2018, 13, e0191141. [CrossRef] [PubMed]

Woog, K.; Legras, R. Visual resolution and cone spacing in the nasal and inferior retina. Ophthalmic Physiol. Opt. 2018, 38, 66-75.
[CrossRef] [PubMed]


https://scikit-learn.org/stable/
http://doi.org/10.1016/j.ophtha.2010.03.060
http://doi.org/10.1007/s10384-020-00785-6
http://doi.org/10.1186/s12886-017-0485-4
http://doi.org/10.1016/j.ajo.2007.09.019
http://doi.org/10.1002/cne.902920402
http://www.ncbi.nlm.nih.gov/pubmed/2324310
http://doi.org/10.1371/journal.pone.0191141
http://www.ncbi.nlm.nih.gov/pubmed/29338027
http://doi.org/10.1111/opo.12424
http://www.ncbi.nlm.nih.gov/pubmed/29265471

	Introduction 
	Materials and Methods 
	Patients and Treatment Regimen 
	Grouping into Two Groups Based on Visual Acuity over Time 
	Preprocessing of OCT Images and Features from OCT Images 
	Selection of Explanatory Variables 
	Machine-Learning Algorithm 

	Results 
	Demographics of Each Group 
	Explanatory Variables 
	Hyperparameters of Logistic Regression 
	Classification Performance 
	Specific Contribution of Explanatory Variables 

	Discussion 
	Conclusions 
	References

