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Abstract

e AIM: To predict the visual outcome in patients undergoing
macular hole surgery by two novel three-dimensional
morphological parameters on optical coherence tomography
(OCT): area ratio factor (ARF) and volume ratio factor (VRF).
e METHODS: A clinical case series was conducted, including
54 eyes of 54 patients with an idiopathic macular hole (IMH).
Each patient had an OCT examination before and after
surgery. Morphological parameters of the macular hole,
such as minimum diameter, base diameter, and height were
measured. Then, the macular hole index (MHI), tractional hole
index (THI), and hole form factor (HFF) were calculated.
Meanwhile, novel postoperative macular hole (MH) factors,
ARF and VRF were calculated by three-dimensional
morphology. Bivariate correlations were performed to acquire
asymptotic significance values between the steady best
corrected visual acuity (BCVA) after surgery and 2D/3D
arguments of MH by the Pearson method with two-tailed
test. All significant factors were analyzed by the receiver
operating characteristic (ROC) curve analysis of SPSS
software which were responsible for vision recovery. ROC
curves analyses were performed to further discuss the
different parameters on the prediction of visual outcome.

e RESULTS: The mean and standard deviation values
of patients’ age, symptoms duration, and follow-up time
were 64.8%+8.9y (range: 28-81), 18.6%11.5d (range: 2-60),
and 11.4%0.4mo (range: 6-24), respectively. Steady-post-

BCVA analyzed with bivariate correlations was found to
be significantly correlated with base diameter (r=0.521,
P<0.001), minimum diameter (r=0.514, P<0.001), MHI (r=
-0.531, P<0.001), THI (r=-0.386, P=0.004), HFF (r=-0.508,
P<0.001), and ARF (r=-0.532, P<0.001). Other characteristic
parameters such as age, duration of surgery, height,
diameter hole index, and VRF were not statistically
significant with steady-post-BCVA. According to area
under the curve (AUC) values, values of ARF, MHI, HFF,
minimum diameter, THI, and base diameter are 0.806,
0.772, 0.750, 0.705, 0.690, and 0.686, respectively. However,
Steady-post-BCVA analysis with bivariate correlations for
VRF was no statistical significance. Results of ROC curve
analysis indicated that the MHI value, HFF, and ARF was
greater than 0.427, 1.027 and 1.558 respectively which
could correlate with better visual acuity.

e CONCLUSION: Compared with MHI and HFF, ARF could
effectively express three-dimensional characteristics of
macular hole and achieve better sensitivity and specificity.
Thus, ARF could be the most effective parameter to predict
the visual outcome in macular hole surgery.
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INTRODUCTION

diopathic macular hole (IMH) without fundus-related

disease occurs in the macular zone of normal eyes,
generally in individuals aged over 50y. The female to male
ratio is approximately 2:1'". Affected patients suffer from
severe visual impairment.
Vitreous surgery within the joint boundary membrance
peeling and injection of inert gas is the main method for clinic
treatment of IMH"™. Extensive research has been explored to
study the prognostic factors after surgery™ . Clinical doctors
using spectral-domain optical coherence tomography (SD-
OCT) can effectively observe the structural changes in the
morphology of IMH in both preoperative and postoperative
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patients. A lot of literature has been studied about the
optical coherence tomography (OCT) image of quantitative
parameters to predict IMH postoperative vision in advance,
such as macular hole index (MHI), tractional hole index (THI),
and hole form factor (HFF)"*.

In order to show the complete 3D morphology of the macular
hole, OCT scanning equipment manufacturers including

Zeiss"!

, Topcon'”, and Heidelberg"" constantly developed
new 3D OCT hardware and software. Accordingly, there was
a lot of related research based on 3D OCT. Scheibe et al''”
reconstructed 3D foveal surface from OCT data to observe
the whole range of asymmetric. Haas et a/'"’!
choroidal thickness with 3D-OCT. Brionesr et al''! reported

a spectral OCT system with the internal 3D microstructure

analyzed

and displacement maps from a poly-methyl-methacrylate
sample. Todorich et al'' evaluated the impact of swept-source
microscope-integrated optical coherence tomography (MI-
OCT) and tissue-level 3D imaging on ophthalmology residents'
performance of ophthalmic microsurgical maneuvers. Hu
et al'® developed a 3D graph-based approach to identify the
3D choroidal layer in SD-OCT images by using the Bruch’s
membrane opening prior knowledge information. Three-
dimensional display is steadily becoming the focus of research
and development.

Macular hole (MH) is a common age-related eye disease'”"*),
and IMH is one of the most common types of MH"”., IMH
often causes macular degeneration, swelling, and rupture
in patients. As most human vision comes from the macular
center, MH could cause marked decline in vision. Vitrectomy
is a common clinical surgical method”” widely used in the
treatment of MH. Post-operative visual acuity of MH surgery
is diverse with different classifications and form of MH
morphology. Therefore, designing effective factors to predict
postoperative visual recovery became very important.

To explore effective factors, several research groups proposed
various morphological characteristics such as MHI, HFF, THI,
diameter hole index (DHI), minimum diameter (MD), and base
diameter (BD)""*. However, these parameters only expressed
quantitative information of a certain direction slice and could
not effectively express the direction of different opposites.
New clinical parameters are required.

All proposed MH parameters, which cannot effectively express
3D characteristics of MH, are measured on a single slice image
of OCT. Therefore, novel MH's factors that contain area ratio
factor (ARF) and volume ratio factor (VRF) were designed and
generated by 3D morphology to predict post-operative patients'
vision outcome with IMH.

SUBJECTS AND METHODS

Patients This was a retrospective clinical case series of 54
eyes (19 left eyes and 35 right eyes) from 54 patients (15
male and 39 female). Patients were diagnosed as having
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IMHs and proceeded to have vitreous surgery. Cases were
collected from January 2013 until March 2015 in Affiliated
Hospital of Nantong University Eye Center. The MH stages in
patients’ eyes were 11 (24 eyes), III (10 eyes), and IV (20 eyes)
according to the GASS standard. The lens statuses of pre-
operative patients’ eyes were opacity (9 eyes) and lucency (45
eyes). The lens statuses of post-operative patients’ eyes were
intraocular lens (9 eyes) and original lens (45 eyes). The mean
and standard deviation values of age, symptoms duration, and
follow-up time were 64.8+8.9y (range: 28-81), 18.6+11.5d
(range: 2-60), and 11.44+0.4mo (range: 6-24), respectively. The
inclusion criterion was diagnosis of idiopathic full-thickness
macular holes on slit-lamp microscopy and ophthalmoscopy
and OCT examination. Patients with other eye diseases
that may affect vision, including high myopia, glaucoma,
optic neuropathy, proliferative vitreous retinopathy, retinal
detachment, and fundus of other diseases were excluded.
Patient selection process was approved by the hospital’s ethics
committee and the study followed the tenets of the Declaration
of Helsinki.

Surgical Methods A three-port pars plana 23-gauge vitrectomy
was performed on all patients by the same surgeon. The main
process includes: 1) making core vitrectomy and triamcinolone
acetonide assisted (10 mg/mL) posterior vitreous detachment;
2) injecting of indocyanine green (ICG, 5 mg/mL) on the
surface of anterior limiting membrane; 3) using the flute
needle gettering ICG after about 60s; 4) peeling 3 to 4 disc
diameter centering of inner limiting membrane (ILM) around
the macula; 5) filling with 14% C3F8 into the vitreous cavity.
Patients were in the face-down position after surgery for one
week until C3F8 gas was completely absorbed. Patients with
lens opacity had undergone concurrent cataract surgery.
Measure Parameters All patients” OCT images were recorded
before, after, and follow-up OCT examination images. The
whole OCT images were acquired by Carl Zeiss CIRRUS HD-
OCT 4000. The machine has scanned macular with 6 mm width,
6 mm height and 2 mm depth. The horizontal and vertical
number of slices is 512 and 128, respectively. Each slice image
size is 300x200 in pixel. In the tissue, the resolution is 5 um in
axial and 15 pm in lateral.

The 2D parameters are shown in Figure 1. BD, MD, height
(H), left arm length (LA), and right arm length (RA) in Figure
1B were manually measured by the software measuring tool
on the OCT machine. All 2D parameters were measured
thrice for each eye and assigned as the average value by two
clinicians. When there was a disagreement between them, it
was verified by a third doctor in order to ensure the accuracy
of measurement. The MHI was defined by Kusuhara er a/™.
The THI and DHI was defined by Ruiz-Moreno et al'l. The
HFF was defined by Ullrich et al'”. The values were calculated
using the following formulae:
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Figure 2 Reconstruction experiment screenshots A: OCT image; B: Fundus image; C: Slice images; D: Zone of MH on the fundus image; E:
Zone of MH on the slice image; F: boundary of the MH (red); G: 3D points picture of MH; H: Reconstruction of 3D structure of MH.

Top area
Min base area

Bottom base area

Figure 3 The three-dimensional parameters A: A real MH 3D reconstruction image; B: Measuring the corresponding area and volume.

MHI=H/BD F1
THI=MD/BD F2
DHI=H/MD F3
HFF=(LA+RA)/BD F4

The reconstructed 3D model of MH was formed of the
following steps. 1) The OCT file was read from the hard disk.
2) The fundus and slice images were obtained. 3) MH position
on fundus image was obtained to confirm the MH region on
slices. 4) Each boundary point of MH was manually drawn
by clinicians. 5) The points were translated to 3D coordinates
according to scanning interval of the OCT machine. 6) These
3D points were imported into Meshlab software v1.3.3 (64-
bit version) to reconstruct 3D MH. 7) Particular zone’s area
and volume were measured using the measurement tools.
The reconstruction experiment screenshots are shown in
Figure 2.

Considering that MH is a 3D structure, two novel 3D factors
for the 3D structure of MH were defined by our research
group: ARF and VRF. Inferior volume contains the region
between the minimum and bottom base. The related parameters
are shown in the Figure 3.

ARF=Body surface area/bottom base area F5
VRF=Inferior volume/all volume F6

Statistical Analysis Parameters including pre-best corrected
visual acuity (BCVA), post-operational follow-up BCVA,
BD, MD, H, MHI, THI, HFF, ARF, and VRF were analyzed.
Steady-post-BCVA stands for patients’ vision unchanged
at least 6mo in last two visits after surgery. Pre-BCVA and
steady-post-BCVA were recorded in decimal visual acuity and
converted to logMAR equivalent for statistical analyses”'.
First, pre-BCVA was analyzed for its correlation with steady
post-operational follow-up BCVA (steady-post-BCVA) by
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Figure 4 ROC curves A: Positive correlation parameters; B: Negative correlation parameters.

nonparametric tests through Wilcoxon-rank sum methods.
Then, bivariate correlations were performed to acquire
asymptotic significance values between the steady BCVA after
surgery and 2D/3D arguments of MH by the Pearson method
with two-tailed test. Finally, receiver operating characteristic
(ROC) curves were used to quantify the performance of MD,
BD, MHI, THI, and ARF for better visual outcome after
surgery, by means of sensitivity, specificity, area under the
curve (AUC), and corresponding 95% confidence intervals
(CIs). Only AUC>0.5 indicates effective diagnostic value. If
0.5<AUC<0.7, it indicates low accuracy. If 0.7<AUC<0.9, it
indicates moderate accuracy. If AUC>0.9, it indicates higher
accuracy. If AUC=0.5, it indicates that the diagnostic method
does not work completely and thereby has no diagnostic value.
We investigated the optimum cut-off value for diagnosis
by maximizing the sum of sensitivity and specificity and
minimizing the distance of the cut-off value to the top-
left corner of the ROC curve. P<0.05 (two-sided test) was
considered significant. All statistical analyses were performed
with SPSS 18.0 software (SPSS, IBM Software Company).
RESULTS

The mean and standard deviation values of MD, BD, height,
logMAR pre-BCVA and logMAR steady-post-BCVA were
446.5+168.3 um (range: 99-857), 888.6+300.4 um (range: 212-
1516), 666.9+138.7 um (range: 281-1031), 0.80+0.23 (range:
0.4-1.0) and 0.41+0.24 (range: 0.1-1.0), respectively. The
whole BCVA of 54 cases was effectively elected after surgery.
To evaluate surgery results by BCVA, we defined three BCVA
statuses: if the patient’s pro-BCVA improved more than two
lines in visual acuity chart, it means improvement of BCVA;
if the patient’s pro-BCVA fluctuates in one lines in visual
acuity chart, it means unchanged of BCVA; if the patient’s pro-
BCVA declined more than two lines in visual acuity chart, it
means worsened of BCVA. The results showed that BCVA of
40 (74.1%) eyes showed improvement, 11 (20.4%) remained
unchanged, 3 (5.5%) worsened. Steady-post-BCVA had
asymptotic significations with pre-BCVA in Wilcoxon signed
rank test (P<0.01).
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Table 1 The r and P value of bivariate correlations analyzed

between steady-post-BCVA and all MH parameters

Parameters r P

Age 0.175 0.205
Duration time -0.152 0.272
Height -0.069 0.619
DHI 0.058 0.680
VRF 0.072 0.605
BD 0.521 <0.001
MD 0.514 <0.001
MHI -0.531 <0.001
THI -0.386 0.004
HFF -0.508 <0.001
ARF -0.532 <0.001

Bivariate correlations were analyzed between logMAR steady-
post-BCVA and all MH parameters by the Pearson method.
Table 1 shows the  and P values. The characteristic parameters
such as age (7=0.175, P=0.205), duration (r=-0.152, P=0.272),
height (+=-0.069, P=0.619), DHI (+=0.058, P=0.680), and VRF
(r=0.072, P=0.605) were not statistically significant. Others
including BD (+=0.521, P<0.001), MD (»=0.514, P<0.001),
MHI (r=-0.531, P<0.001), THI (»=-0.386, P=0.004), HFF
(r=-0.508, P<0.001), and ARF (=-0.532, P<0.001) were
statistically significant.

ROC curves analyses were performed to further discuss the
different parameters on the prediction of visual outcome.
Positive correlation parameters are presented in Figure 4A.
Other negative correlation parameters are displayed in Figure 4B.

Table 2 details the AUC, cut-off value, and associated
sensitivity and specificity with MD, BD, MHI, THI, HFF, and
AREF. According to AUC values, values of ARF, MHI, HFF,
MD, THI, and BD are 0.806, 0.772, 0.750, 0.705, 0.690, and
0.686 respectively. The associated cut-off value, sensitivity,
and specificity, respectively, are as follows: ARF (1.558, 0.769,
and 0.786); MHI (0.427, 0.885, and 0.607); HFF (1.027, 0.731,
and 0.714); MD (416, 0.679, and 0.654); THI (1.710, 0.577,
and 0.821); and BD (868, 0.714, and 0.647).
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Table 2 AUC, cut-off value, associated sensitivity and specificity
with min diameter, BD, MHI, THI, HFF and ARF

Cut-off point

Parameters AUC
Value  Sensitivity Specificity

MD 0.705  0.010 416 0.679 0.654
BD 0.686  0.019 868 0.714 0.647
MHI 0.772  0.001  0.427 0.885 0.607
THI 0.690 0.017 1.710 0.577 0.821
HFF 0.750  0.002  1.027 0.731 0.714
ARF 0.806 <0.001  1.558 0.769 0.786
DISCUSSION

This paper proposed the parameter ARF, which could
effectively predict postoperative visual acuity. High ARF value
represents that MH peripheral tissues might be effective to fill
the macular concave center area, which indicates better visual
recover y after surgery. Similar to MHI, HFF, MD, THI, and
BD steady-post-BCVA analyzed with bivariate correlations
for ARF was found statistically significant. Furthermore,
ROC curves analysis for above six parameters was performed
to further discuss the different parameters on the prediction
of steady-post-BCVA. ROC curve analysis found that the
proposed ARF had best prediction power.

This study has the following limitations. First, although the
number of samples might be more than that reported in some
studies, the overall sample size is relatively small. Second,
we utilized the clinical case series of Affiliated Hospital of
Nantong University Eye Center. Third, manual segmentation,
single slice, and the specific model of the OCT machine,
might have resulted in discrepant findings across studies that
used the same method. As we used the Meshlab to generate
the 3D MH and measure specific regions and parameters
with built-in functions of the software, this process may have
introduced some deviation. Due to the limitations of our
sample, we didn’t find a correlation between the steady-post-
BCVA and the duration of symptoms in this study. While, it
is a clinical experience and result of various studies™ " that
a longer duration of 6 or 12mo negative influences the vision
rehabilitation after surgery.

In future studies, we plan to gather more data samples and
design effective automated segmentation, 3D reconstruction,
and measurement algorithms, wherein automatic algorithms
are used instead of manual operations to reduce the deviation
and improve the accuracy of the experiment. There are few
public OCT images network dataset, which contain very small
number of samples or very low image resolution. The OCT
database of MH samples, including GETOCT"", retinal OCT
imaging”” and New York Eye Ear Infirmary of Mount Sinai
(NYEE), were found on the internet. While GETOCT only
released several medical records, retinal OCT imaging did
not focus on our research theme, and NYEE images were of

very low image resolution and thereby unclear. Therefore, we
utilized the clinical case series of Nantong University Affiliated
Hospital Eye Center.

In conclusion, based solely on the MH’s unique 3D morphological
characteristics, this study has designed, built, and verified
the 3D index type ARF for postoperative analysis of the MH.
Medical statistical analysis results indicate that the ARF,
compared with traditional 2D index, provide more effective
sensitivity and specificity.
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