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ABSTRACT
Background and aim: Eyelid position and contour abnormality could lead to various diseases,
such as blepharoptosis, which is a common eyelid disease. Accurate assessment of eyelid
morphology is important in the management of blepharoptosis. We aimed to proposed a novel
deep learning-based image analysis to automatically measure eyelid morphological properties
before and after blepharoptosis surgery.
Methods: This study included 135 ptotic eyes of 103 patients who underwent blepharoptosis
surgery. Facial photographs were taken preoperatively and postoperatively. Margin reflex dis-
tance (MRD) 1 and 2 of the operated eyes were manually measured by a senior surgeon.
Multiple eyelid morphological parameters, such as MRD1, MRD2, upper eyelid length and cor-
neal area, were automatically measured by our deep learning-based image analysis. Agreement
between manual and automated measurements, as well as two repeated automated measure-
ments of MRDs were analysed. Preoperative and postoperative eyelid morphological parameters
were compared. Postoperative eyelid contour symmetry was evaluated using multiple mid-pupil
lid distances (MPLDs).
Results: The intraclass correlation coefficients (ICCs) between manual and automated measure-
ments of MRDs ranged from 0.934 to 0.971 (p< .001), and the bias ranged from 0.09mm to
0.15mm. The ICCs between two repeated automated measurements were up to 0.999
(p< .001), and the bias was no more than 0.002mm. After surgery, MRD1 increased significantly
from 0.31±1.17mm to 2.89 ± 1.06mm, upper eyelid length from 19.94±3.61mm to
21.40±2.40mm, and corneal area from 52.72±15.97mm2 to 76.31±11.31mm2 (all p< .001).
Postoperative binocular MPLDs at different angles (from 0� to 180�) showed no significant differ-
ences in the patients.
Conclusion: This technique had high accuracy and repeatability for automatically measuring
eyelid morphology, which allows objective assessment of blepharoptosis surgical outcomes.
Using only patients’ photographs, this technique has great potential in diagnosis and manage-
ment of other eyelid-related diseases.
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Introduction

The eyelid acts as a protective layer of the eyeball and

is vital to maintain a healthy ocular surface through

regular blinking [1]. Eyelid position and contour abnor-

mality could lead to various diseases, such as blephar-

optosis, which is common among patients presenting

for oculoplastic surgery [2]. Accurate assessment of

eyelid morphology is necessary for the diagnosis of

blepharoptosis, surgical planning, and evaluation of
surgical outcomes. Margin reflex distance 1 and 2
(MRD1 and MRD2) are the most common indicators of
eyelid position [3]. Manual measurement of MRD per-
formed by a skilled clinician using a penlight and a
ruler could yield reliable results [4]. However, the
accuracy of manual measurements relies on the
experience of clinicians, and in some cases, measure-
ment of eyelid heights is challenging [5]. In our
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previous study, we proposed a novel approach for
automated measurement of MRDs in blepharoptosis
patients using digital image analysis [6]. This tech-
nique allows objective assessment of the degree of
blepharoptosis with high accuracy.

As is known to all, MRDs alone are not enough to
define morphological properties of eyelids [7]. Recent
studies have attempted to evaluate eyelid contours,
two-dimensional measurements (such as exposed cor-
neal area), or other specific parameters (such as eyelid
length) based on facial image [8–11]. However, both
inter- and intra-observer variabilities inevitably exist in
image measurement in the context of human–com-
puter interaction. An optimized automated system
with comprehensive investigation of eyelid morpho-
logical properties would provide a more accurate tool
for oculoplastic research and clinics. Deep learning
with convolutional neural networks (CNN) has
achieved state-of-the-art performance for automatic
ophthalmological image segmentation [12].
Traditionally, the assessment of surgical effectiveness
in eyelid morphology was purely subjective, typically
including descriptors such as “excellent”, “good”, “fair”
or “poor”. So far none of the studies presented clear
comparisons of preoperative eyelid morphology and
postoperative results following blepharoptosis surgery.
Therefore, the aims of this study were to propose a
novel deep learning-based image analysis to automat-
ically measure eyelid morphological properties before
and after blepharoptosis surgery, as an objective
evaluation of surgical effectiveness.

Materials and methods

Ethical approval

This study was approved by the Institutional Review
Board of the Second Affiliated Hospital of Zhejiang
University, School of Medicine, Hangzhou, China
(approval number: 2020-583). Informed consent was
obtained from patients aged � 18 years and guardians
of those aged < 18 years, in accordance with the
Declaration of Helsinki.

Study participants

Patients who underwent blepharoptosis surgery in our
oculoplastic clinic between January 2016 and
September 2019 were invited to participate in this
study. The surgeries were performed by a senior sur-
geon (J.Y.) who had more than 15 years of experience
in oculoplastic surgery. Exclusion criteria were: variable
ptosis (e.g. myasthenia gravis), coexisting eyelid

diseases (e.g. entropion, ectropion, enophthalmos, or
exophthalmos), strabismus, and abnormalities of pupil.

In total, 103 patients (135 ptotic eyes) including 71
patients with unilateral blepharoptosis and 32 patients
with bilateral blepharoptosis were included in this
study. seventy-three patients were male and 30
patients were female. The mean age was 6.3 years old,
ranging from 1 to 50 years old. 117 eyes underwent
frontalis suspension, 17 eyes underwent levator resec-
tion, and one eye underwent levator aponeurosis
repair. The mean follow-up duration was 21weeks,
ranging from 2 to 109weeks.

Manual measurements and image collection

Preoperative and postoperative MRD1 and MRD2 of
the operated eyes were manually measured by a
senior surgeon (J.Y.). When the patients were gazing
in the primary position, a penlight was used to pro-
duce the corneal light reflex and a ruler was used to
judge the vertical distance from the corneal light
reflection to the upper eyelid margin (MRD1) and to
the lower eyelid margin (MRD2). If the upper eyelid
covered the corneal light reflection, then the examiner
raised the eyelid until the reflection was seen. The
number of millimetres the eyelid must be raised was
recorded as the MRD1 in negative numbers.

Facial photographs were taken preoperatively and
at the last follow up. A circular marker with a diameter
of 10mm was placed on the forehead of the patients.
The patients were asked to gaze in the primary pos-
ition and a digital camera Canon 500D (Canon
Corporation, Tokyo, Japan) was positioned at eye level
at a distance of 1m.

Image analysis

The automated image analysis for comparisons of pre-
operative and postoperative eyelid morphology
included the following four steps.

Step 1: Regions of eyes were localized by an open-
source project named Face Alignment [13]. Facial
image of 2069 volunteers (4138 eyes) from the Second
Affiliated Hospital of Zhejiang University were used to
train the eye segmentation network. The eyelid and
the corneal limbus were outlined by two ophthalmolo-
gists. The pre-processing methods, such as random
noise, colour perturbation, random scaling and elastic
transformation, were used. Then, the regions of inter-
est were sent into the Attention Recurrent Residual
Convolutional Neural Network based on U-Net
(Attention R2U-Net) [14]. Parameter settings of the
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network model: epoch ¼ 200; batch size ¼ 4; input
image size ¼ 256� 256 pixels; logistic loss function:
L1 loss; optimiser: Adam (lr ¼ 0.00001).

Step 2: Preoperative and postoperative facial
images of 103 patients (135 operated eyes) who
underwent blepharoptosis surgery were used as the
test set. The Attention R2U-Net based model predicted
eyelid and cornea segmentation mask. Three points
were randomly chosen from the cornea margin to fit
the cornea circle and the circle centre was set as the
pupil centre. Since the cornea is not perfectly round,
the process was repeated 2000 times and the final
pupil centre was localized by the mean shift algorithm
with Gaussian kernel [15].

Step 3: The pixel numbers of palpebral fissure
length (including MRD1 and MRD2), lid length (includ-
ing upper lid length and lower lid length), and palpe-
bral fissure area (including medial area, corneal area,
and lateral area) of the pre-operative and post-opera-
tive eyes were calculated (Figure 1). After location of
the pupil centre, the conventional mid-pupil lid dis-
tance (MPLD) vertical line (90�) and 6 radial lines 15�

apart from the midline in the nasal (0�, 15�, 30�, 45�,
60�, and 75�) and temporal (105�, 120�, 135�, 150�,
165�, and 180�) sectors of the lid fissure of the post-
operative eyes were automatically drawn. The radial

MPLD lengths were calculated as the distance
between the pupil centre and the intersections of the
radial lines on the lid margin (Figure 2) [8].

Step 4: Hough transform was used to detect the cir-
cular marker (10mm in diameter) on the patient’s
forehead [16]. Then, the pixel/millimetre ratios were
calculated and the measurements of eyelid morpho-
logical parameters were converted into mm or mm2.

Statistical analyses

Dice coefficient, as a statistical tool to measure the
similarity of two samples, was calculated for the valid-
ation of eye segmentation algorithms [17]. Intraclass
correlation coefficient (ICC), as a statistical tool to
measure the reliability of an experimental method,
was calculated for evaluating the agreement between
manual and automated measurements, as well as the
agreement between two repeated automated meas-
urements of MRDs of the operated eyes preoperatively
and postoperatively [18]. It was considered moderate
agreement if 0.41< ICC � 0.60, substantial agreement
if 0.60< ICC � 0.80, and excellent agreement if
0.80< ICC � 1.00. A Bland–Altman plot compares two
assay methods. It plots the difference between the
two measurements on the Y axis, and the average of

Figure 1. The automatically segmented eye images in a same patient (A) pre-operatively and (B) post-operatively. Corneal area
was marked in red colour, and medial area and lateral area were marked in green colour. Pupil centre was marked with a blue
dot. MRD1 and MRD2 were marked with a white and a blue straight line. Upper lid length and lower lid length were marked
with a white and a blue curve.

Figure 2. Post-operative multiple lid lines equally angularly (15�) spaced. Orange dots indicate the intersections of the radial lines
on the lid margin. The radial MPLD lengths were calculated as the distance between the pupil centre and the orange dots.
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the two measurements on the X axis [19].
Bland–Altman plots were used to visualize the differ-
ences between the two measurements (manual vs.
automated; two repeated automated) of MRDs pre-
operatively and post-operatively. Pre-operative and
post-operative eyelid morphological parameters were
compared with paired T-test. Post-operative eyelid
contour symmetry was evaluated in patients with uni-
lateral blepharoptosis and bilateral blepharoptosis
respectively, using MPLDs. All statistical analyses were
conducted using SPSS 23 (IBM Corporation, IL, USA).
Statistical significance was set as 0.05.

Results

Agreement between two measurements of MRD1
and MRD2

The dice coefficients for eye segmentation tasks in the
test set were 0.962 for the eyelid and 0.964 for the
cornea. Preoperative and postoperative manual and
repeated automated measurements of MRD1 and
MRD2 (mean± standard deviation) in 135 ptotic eyes
are shown in Table 1. Pre-operative manual measure-
ments of MRD1 and MRD2 were 0.20 ± 1.22mm and
5.61 ± 1.19mm, respectively. Post-operative manual
measurements of MRD1 and MRD2 were
2.80 ± 1.03mm and 5.37 ± 0.84mm, respectively.
Repeated automated measurements were similar to
the manual measurements. The ICCs between manual
and automated measurements of MRDs ranged from
0.934 to 0.971 (all p< .001), indicating excellent

agreement between the two methods (Table 2). The
ICCs in MRD1 were better than that in MRD2. The ICCs
between two repeated automated measurements of
MRDs were up to 0.999 (all p< .001), which illustrated
high repeatability of the automated method. The
Bland–Altman plots also confirmed excellent agree-
ment and acceptable limits of agreement between
any two measurements for MRD1 (Figure 3) and MRD2
(Figure S1), with bias ranging from 0.09mm to
0.15mm between manual and automated measure-
ments, and from 0.0002mm to 0.002mm between
two repeated automated measurements. The scatter
plots revealed that the difference between two meas-
urements did not tend to get larger or smaller as the
average increased, suggesting no relationship between
difference and the level of measurements for MRDs.

Pre- and post-operative eyelid morphological
parameters comparisons

Preoperative and postoperative eyelid morphological
parameters in 135 ptotic eyes are shown in Table 3.
Paired T-tests revealed that all parameters, except
MRD2, increased significantly after surgery. MRD2
showed no significant change postoperatively.
Notably, MRD1 increased from 0.31 ± 1.17mm to
2.89 ± 1.06mm (p< .001), upper eyelid length from
19.94 ± 3.61mm to 21.40 ± 2.40mm (p< .001), and cor-
neal area from 52.72 ± 15.97mm2 to 76.31 ± 11.31mm2

(p< .001), which indicated great improvement of eye-
lid morphology after blepharoptosis surgery.

Post-operative eyelid contour symmetry analyses

Post-operative binocular eyelid morphological parame-
ters in patients with unilateral blepharoptosis (N¼ 71)
and patients with bilateral blepharoptosis (N¼ 32),
respectively, are shown in Table S1. There were no sig-
nificant differences in eyelid morphological parameters
either between ptotic eyes and fellow eyes in patients
with unilateral blepharoptosis, or between right eyes
and left eyes in patients with bilateral blepharoptosis.
Furthermore, postoperative binocular MPLDs at

Table 1. Pre-operative and post-operative manual and
repeated automated measurements of MRD1 and MRD2 in
135 ptotic eyes.

MRD1 (mm) MRD2 (mm)

Preoperative
Manual 0.20 ± 1.22 5.61 ± 1.19
Automated (1st) 0.31 ± 1.17 5.46 ± 1.16
Automated (2nd) 0.31 ± 1.16 5.46 ± 1.16

Postoperative
Manual 2.80 ± 1.03 5.37 ± 0.84
Automated (1st) 2.89 ± 1.06 5.28 ± 0.81
Automated (2nd) 2.89 ± 1.06 5.28 ± 0.82

Mean ± standard deviation.

Table 2. Intraclass correlation coefficients between two measurements of MRD1 and MRD2 preopera-
tively and postoperatively.

MRD1 MRD2

Preoperative
Manual & Automated 0.964 (0.941–0.977)��� 0.954 (0.916–0.973)���
Automated (1st) & Automated (2nd) 0.999 (0.998–0.999)��� 0.999 (0.998–0.999)���

Postoperative
Manual & Automated 0.971 (0.950–0.981)��� 0.934 (0.901–0.955)���
Automated (1st) & Automated (2nd) 0.999 (0.999–1.000)��� 0.999 (0.999–0.999)���

Intraclass correlation coefficient (95% confidence interval). ���p< 0.001.
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different angles (from 0� to 180�) were compared.
Similarly, binocular MPLDs showed no significant dif-
ferences in either patients with unilateral blepharopto-
sis or patients with bilateral blepharoptosis (Figure 4,
Table S2), indicating ideal eyelid contour symmetry
after surgery.

Discussion

In this study, we introduced a deep learning-based
image analysis system to automatically measure eyelid

morphological properties in blepharoptosis patients.
There was an excellent agreement between auto-
mated and manual measurements of MRD1 and
MRD2. The findings also suggested high repeatability
of automated measurements. Furthermore, pre-opera-
tive and post-operative eyelid morphology were com-
pared and great improvement in MRD1, upper lid
length and corneal area were found. In addition, post-
operative eyelid contour using MPLDs showed perfect
symmetry in all patients, indicating satisfactory out-
comes after blepharoptosis surgery.

Traditionally, MRD is defined as the vertical distance
from the corneal light reflection to the upper or lower
eyelid margin, with the patient in primary gaze [3].
However, there is evidence of learning curve for MRD
measurements. The difference of MRD measurements
was up to 0.5mm across clinicians with varying levels
of experience, indicating slightly poor reproductivity
[5]. In the present study, MRDs were measured by a
senior surgeon with more than 15 years of experience
in oculoplastic surgery following a standard measure-
ment protocol, to minimize manual measurement
error. The bias between manual and automated

Figure 3. Bland–Altman plots analysing the agreement between two measurements of MRD1. (A) Agreement between manual
MRD1 and automated MRD1 pre-operatively. (B) Agreement between manual MRD1 and automated MRD1 post-operatively. (C)
Agreement between repeated automated MRD1 pre-operatively. (D) Agreement between repeated automated MRD1 post-
operatively.

Table 3. Comparisons of preoperative and postoperative eye-
lid morphological parameters in 135 ptotic eyes.
Parameters Preoperative Postoperative

Palpebral fissure length (mm) 5.77 ± 1.39 8.17 ± 1.04���
MRD1 (mm) 0.31 ± 1.17 2.89 ± 1.06���
MRD2 (mm) 5.46 ± 1.16 5.28 ± 0.81

Lid length (mm) 40.87 ± 6.47 43.10 ± 4.71���
Upper lid length (mm) 19.94 ± 3.61 21.40 ± 2.40���
Lower lid length (mm) 20.93 ± 3.84 21.69 ± 2.35��

Palpebral fissure area (mm2) 87.41 ± 30.93 121.72 ± 24.37���
Medial area (mm2) 16.46 ± 11.48 19.81 ± 10.15���
Corneal area (mm2) 52.72 ± 15.97 76.31 ± 11.31���
Lateral area (mm2) 18.23 ± 10.80 25.60 ± 11.10���

Mean ± standard deviation. ���p< .001, ��p< .01.
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measurements of MRDs ranged from 0.09mm to
0.15mm, suggesting excellent agreement between the
two methods. The critical steps to automatically meas-
ure eyelid features are accurate segmentation of eyelid
margins and precise location of pupil centre. CNN-
based deep learning has an advantage in eyelid seg-
mentation over traditional edge detection algorithm,
which is sensitive to insufficient contrast between eye-
lids and eyelashes [6,7]. Furthermore, two repeated
automated measurements showed only the tiniest bias
ranging from 0.0002mm to 0.002mm, which indicated
high repeatability of the automated method.

Unlike previous studies which only focussed on lin-
ear measurements of eyelid position (such as MRDs)
[4,6,7,20] and studies which assumed arbitrary corneal
diameters as reference and reported virtual measure-
ments [9,20–22], our study had attempted to measure
multiple eyelid morphological properties using an
actual marker sticked on the forehead. Chun et al.
introduced a semi-automatic software to measure mul-
tiple features of normal eyelids [10]. Although they
reported satisfactory intra-examiner reliability, the
examiner needed to meticulously draw an eyelid bor-
der, which was a laborious task and time-consuming.
In contrast, our algorithm automatically measuring
eyelid features could save a lot of time and effort,
especially when large volumes of images need to be

analysed. Not surprisingly, MRD1 and corneal area
increased after the drooping eyelid was elevated.
Upper eyelid length also increased significantly, which
may be largely attributed to the improvement of
upper eyelid contour.

Some efforts had been made for measurement of
eyelid contour [8,9,11,23–25]. Mocan et al. and Garcia
et al. used polynomial functions to define eyelid con-
tour, but the complex mathematical equations are
unable to determine the real features and short of
utility in clinical practices [9,24]. Additionally, their
methods are limited because the eyelid in many
pathologic conditions may not follow a uniform poly-
nomial function. A more common method was calcu-
lating the distances from the centre of pupil to upper
eyelid margin at 15� intervals from 0� to 180�, namely
MPLDs, firstly proposed by Milbratz et al. [8]. MPLDs
had been used to analyse eyelid contour in healthy
volunteers [25], patients with Graves’ ophthalmopathy
[26,27], and patients with blepharoptosis [23,28].
MPLDs allow quantitative analysis of eyelid contour
and can easily be compared clinically across time
points and groups of patients. The main disadvantage
of MPLDs is the two-dimensional nature of the ana-
lysis. Three-dimensional anthropometry of eyelid con-
tour may be more accurate [29,30]. It is also worth
mentioning that MPLDs are unsuitable for use if a

Figure 4. Post-operative mid-pupil lid distances (mean and 95% confidence interval) at different angles in (A) patients with unilat-
eral blepharoptosis and (B) patients with bilateral blepharoptosis. Postoperative eyelid contour of (C) patients with unilateral ble-
pharoptosis and (D) patients with bilateral blepharoptosis displayed on a polar plot.
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patient had negative MRD1. That is the reason why
preoperative eyelid contour had not been plotted in
our study.

Several limitations should be noted in this study.
Firstly, our algorithm assumed that pupil and iris
boundaries are perfect circles sharing the same centre,
and hence, pupil centre was located only using circle
fitting methods. Secondly, this system was only devel-
oped for 2D photographs and had not been tested in
3D photographs. Despite a typical flat forehead in
Asian population, the eyelid and the circular marker
on the forehead were not always at the same coronal
position. In addition, the measurements of medial and
lateral area of palpebral fissure would be smaller than
the true value since 2D photographs were used.
Thirdly, this was a single-centre study only involving
evaluation of surgical outcomes in blepharoptosis
patients. Anthropometry in other eyelid-related disor-
ders, such as Graves’ ophthalmopathy, is worthy for
future exploration.

In conclusion, we proposed a novel image analysis
technique to automatically measure eyelid morpho-
logical properties in blepharoptosis patients and to
objectively evaluate surgical outcomes. Using only
patients’ photographs, this technique could assist oph-
thalmologists with diagnosis, surgical planning and
post-operative follow-up. The ease of accessing and
transferring digital image also offers the possibility of
telemedicine, benefiting people living in remote areas.
Moreover, this new system would have wide potential
application in other eyelid-related diseases, not limited
to blepharoptosis.
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