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Optical coherence tomography-based deep learning algorithm for 
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Background: Cataract surgery has been recently developed from sight rehabilitating surgery to accurate 
refractive surgery. The precise concentration of intraocular lens (IOL) is crucial for postoperative high 
visual quanlity. The three-dimentional (3D) images of ocular anterior segment captured by optial coherence 
tomography (OCT) make it possible to evaluate the IOL position in 3D space, which provide insights into 
factors relavant to the visual quanlity and better design of new functional IOL. The deep learning algorithm 
potentially quantify the IOL position in an objective and efficient way.
Methods: The region-based fully convolutional network (R-FCN) was used to recogonize and delineate 
the IOL configuration in 3D OCT images. Scleral spur was identified automatically. Then the tilt angle 
of the IOL relative to the scleral spur plane along with its decentration with respect to the pupil were 
calculated. Repeatability and reliability of the method was evaluated by the intraclass correlation coefficient. 
Results: After improvement, the R-FCN network recognition efficiency of IOL configuration reached 
0.910. The ICC of reliability and repeatability of the method is 0.867 and 0.901. The average tilt angle of 
the IOL relative to scleral spur is located in 1.65±1.00 degrees. The offsets dx and dy occurring in the early 
X and Y directions of the IOL are 0.29±0.22 and 0.33±0.24 mm, respectively. The IOL offset distance is 
0.44±0.33 mm.
Conclusions: We proposed a practical method to quantify the IOL postion in 3D space based on OCT 
images and assisted by an algorithm. 
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Introduction
 

 Cataract is the leading cause of reservable blindness in the 
word. It is estimated that the prevalence of cataract is about 
80% in the Chinese population for individuals ranging 
from 60 to 89 years old, with the prevalence rising to 90% 

in the over 90-year-old age bracket. Fortunately, this vision 
impairment can be reserved by a surgical procedure which 
combines cataract extraction and intraocular lens (IOL) 
implantation. A recent report showed that there are nearly  
8 million cataract patients in China; however only 
3,000–4,000 cases per million population received surgical 
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procedures. With the development of surgical equipment and 
people’s dependence on high visual quality, cataract surgery 
has been developed from sight rehabilitating surgery to 
accurate refractive surgery. Minimally invasive technique and 
functional IOL are the two important directions of cataract 
surgery. The accurate position of the IOL is the prerequisite 
for the high visual quality. Recently, a variety of methods 
have been developed to quantitate the position of IOL, such 
as photography of slit lamp, scheimpflug video photography, 
and optical coherence tomography (OCT) (1-5).

 Anterior segment OCT (AS-OCT) is especially designed 
for imaging of the anterior segment tissue, offering good 
resolution and penetration. Multiple scanning protocols 
provide the possibility acquire a robust contour of the 
IOL and further quantitate the position of IOL in a three-
dimensional (3D) manner. Previous reports have presented 
the feasibility of quantifying the tilt and decentration of 
IOL—two important parameters that induce astigmatism 
(6-8). One study also showed that having more than 5 
degrees induced by IOL could lead to relevant myopic 
shift and oblique astigmatism. However, in most of these 
studies, the identification of the anatomic landmarks was 
done manually by the investigator, which is tedious and 
time-consuming and does not allow for the quantification 
of a large amount of cases as the position of the IOL is 
quantified two dimentionally.

 As the rapid development of deep learning and modern 
artificial intelligence technology, its practice and application 
in different fields have been gradually developed. The 
medical field is no exception. The diagnosis of ocular 
diseases depends on a large amount of images and doctor’s 
clinical experience. The application of artificial intelligence 
technology in ophthalmology through machine learning 
combined with computer greatly improves the diagnostic 
efficiency of ocular diseases in clinical work and lightens the 
burden of ophthalmologists. The application of artificial 
intelligence in ophthalmology is still in its infancy, mainly 
involving most common ocular diseases such as diabetic 
retinopathy, glaucoma and cataract. These methods include 
artificial intelligence-assisted screening and diagnosis of the 
ocular disease, the segmentation of OCT retinal images, and 
others. In terms of the importance of precise IOL position 
and OCT priority in 3D manner and high resolution, 
some algorithms were presented to automatically outline 
the IOL in 3D way. Gillner M et al. recently achieved 
to automatically segment and detect the IOL on OCT 

images. Although potentially transfer to clinical application, 
the method based on the optomechanical eye model or 
porcine eyes still different from patients in clinic (9).  
In this study we attempted to automatically identify the 
configuration of the IOL and quantify the IOL bias based 
on 3D OCT images. A technique that can effectively 
quantitate the IOL for the evaluation of the lens before 
the cataract surgery can provide the baseline parameters 
for a personalized IOL in the near future. We present the 
following article in accordance with the MDAR reporting 
checklist (available at http://dx.doi.org/10.21037/atm-20-
4706).

Methods

Data acquisition and preparation 

This study followed the declaration of Helsinki (as revised 
in 2013) and was approved by the Ethics Committee of the 
Beijing Tongren Hospital (TRECKY2018-066). AS-OCT 
images from a total of 86 eyes were continuously acquired 
by the same operator from June 2018 to December 2019 
at Beijing Tongren Eye Center. All the subjects were asked 
to sign the informed consent. All eyes received cataract 
surgery without any intra- and post-operative complication 
at least one year prior the recruition of the study. There 
is no record of any ocular disease and tramatic history for 
all the subjects. For each subject, the 3D structural scans 
of IOL were conducted by a commercially swept source 
OCT (Casia SS-OCT, Tomy Corporation, Nagoya, Japan) 
before any contact procedure, under dark room conditions. 
The system had a center wavelength of 1,310 nm. The 
subjects were asked to focus on the internal fixation target 
and a 3D posterior chamber scan was captured using the 
auto alignment function. This algorithm can take 128 
consecutive meridional scans, comprising 512 A-scans 
across the chamber. 

 The AS-OCT image can clearly display the IOL 
contour of the anterior segment of the eye, providing a 
more reliable basis for diagnosing IOL eccentricity and 
tilt. This method has great advantages in the diagnosis of 
anterior tumors, cataracts, glaucoma, and other diseases 
and facilitating refractive surgery follow-up. The AS-OCT 
is specifically designed for anterior segment imaging, with 
good resolution and penetrating power. Various scanning 
protocols enable the possibility to obtain a solid outline of 
the IOL and further quantify the position of the IOL in 
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3D. Therefore, we used AS-OCT images to analyze IOL 
eccentricity and tilt.

Network architecture

Loss function (10)
Since the IOL occupies a large area in the AS-OCT impact, 
our goal was to locate and identify the IOL. We chose 
the end-to-end region-based fully convolutional network 
(R-FCN) network. We did not choose to modify it in the 
loss function (10), and it remained as follows:

L(s, tx, y, w, h) = Lcls(sc∗) + λ[c∗> 0]Lreg(t, t∗)	 [1]

Training (10) 
Training region-based object detectors with online hard 
example mining (OHEM) (11) were acquired through 
training. For example, the part in the region of interest 
(ROI), which has no cost in the calculation, was ignored. 
Assuming that each OCT image was divided into N 
regions, we directly calculated all losses for the N regions. 
By tidying up all ROI losses, we found that the percentage 
of losses in selected B was the highest. Backpropagation (12) 
was performed in the selected instance.

We set the weight decay to 0.0005 and the momentum 
to 0.9. By default, the training mode is unipolar training, 
and the short side of the image is adjusted to 600 pixels 
(11,13). In training, we chose to use a model of 8 Graphic 
processing units (GPUs). Each GPU guarantees 1 image 
and that B =128 ROI for backpropagation. In the training 
process of regional candidates network and R-FCN, we 
alternately train them (14). In order to enable the network’s 

recognition and classification of IOLs to meet the needs of 
doctors, we replaced the classifier of the neural network. 
It was replaced by a random forest classifier, and the data 
of RPN and regularization orthogonal least squares were 
transmitted to the random forest classifier respectively. The 
two data points were scored separately and compared. The 
result with the highest score was selected for output.

 After improvements, we trained the dataset. After 
considerable training, the R-FCN network’s recognition 
rate for IOL was stabilized t above 0.910. The results show 
that the improved R-FCN had a higher recognition rate for 
IOL, which significantly improved the model’s detection 
accuracy and feature extraction capabilities, and thus 
enhanced the classification ability of the model.

Imaging processing
Firstly, the location and type of IOL were identified by 
through edge detection of IOL using R-FCN. Then, the IOL 
tilt angle and optic axis angle were calculated on the relative 
location between IOL and scleral spur in OCT images.

Scleral spur
 Scleral spur, a narrow stenosis composed of circularly 
oriented collagen bundles, protrudes into the anterior 
chamber. It is an important and constant landmark usually 
used to determine the opening of the anterior angle, 
which previously needed to be identified manually. In 
OCT images, scleral spur is the location where the corneal 
curvature changes dramatically (Figure 1). The plane of the 
scleral spur is relatively parallel to the section of the corneal 
apex of the human eye. Thus, the plane of the scleral spur 
is a good benchmark for determining the IOL tilt. Canny 
algorithm was used to identify the scleral spur. After 
removal of the signal noise in the preprocessing procedure, 
the image was enhanced to highlight the posterior surface 
of the sclera. We then connected the scleral spur on each 
side with a line. The recognition effect of the algorithm is 
shown in Figure 2.

Then, 12 OCT images (relatively clear images of the 
sclera spur) were used to evaluate the consistency of the 
identification of scleral spur between the doctor and the 
algorithm. Figure 3 is one example of the comparison. 

 However, in some AS-OCT images, problems such as 
scanning might have made it difficult for our method to 
identify the sclera spur. Therefore, our method still has 
certain limitations.
Inclination angle of IOL in a 0-degree image

Figure 1 The scleral spur in OCT image (14). OCT, optical 
coherence tomography.
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Figure 2 The linear connection between scleral spurs built up by the algorithm.

Figure 3 Scleral spur identified by a doctor (left) and the algorithm (right).
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In clinic, the diopter of IOL is the only parameter that can 
be chosen individually depending on corneal curvature, 
axial length, and a constant (K-value). Although the volume 
of the lens with cataract probably varies from person to 
person, the diameter of the IOL is designed uniformly by 
the manufacturer. The universal diameter of the IOL placed 
in the variable size of the capsule could induce the shifting 
of IOLs. On the other hand, the pupil was dilated before 
the surgery, and the center of the dilated pupil changes 
relative to its original site in its natural status. Therefore, 
even if the IOL is placed in the center of the pupil during 
the operation, it might not be centered when the pupil is 
constricted in daily life (Figure 4). 

 In the OCT image, the IOL tilt angle was defined as the 
angle between the plane of the IOL and the optic axis on 
the 0-degree image, which could induce aberration of the 
vision. The IOL tilt angle was measured as follows. The 
location of IOL was identified by R-FCN after selecting 
a 0-degree image. In the OCT image, a part of the IOL 
failed to appear because of the shadowing of the iris. For 
the regions with a clear margin of the IOL, edge detection 
was performed by the temporal Canny algorithm. Canny 
algorithm can also be used to extract IOL boundary image 
coordinates in the R-FCN recognition area. The boundary 
of IOL is fitted by binarization according to the image 
coordinates. As designed by the manufacture, both the 
anterior and posterior surfaces of the IOL are circular. 
Thus, according to the delineated boundary of the IOL, 
the diameter of both the anterior and posterior surface 
could be calculated. Based on this, we could supplement the 
missing part of the IOL in the OCT image, and the intact 

boundary of IOL could be obtained by supplementing. 
The coordinates of scleral spur were obtained directly in 
the OCT image (Figure 3). Then, the anterior and the 
posterior plane equations of IOL in 3D space were fitted, 
which is described later in detail (migration of IOL in 
3D space). The examples of image processing results are 
shown in Figure 5. From the image coordinate system 
(Figure 5), we determined that the equation of the scleral 
spur connection was the following 10x+427y=71699. The 
equation of connection between two ends of the crystal was 
the following: x+25y=5188. Therefore, the inclination angle 
of the biconvex IOL was 2.86 degrees. In similar fashion, 
we calculated that the tilt angle of the planar IOL was 1.43 
degrees (Figure 5).

Migration of IOL in 3D space
 The inclination angle mentioned in section B is based on 
the 2D image of OCT, which presents limited information 
of the IOL in the anterior segment of whole eye. Thus, we 
tried to obtain the anterior and posterior plane equations 
of IOL in 3D space. The computational procedures to 
measure the tilt and decentration of IOL in the OCT 
images are described below (Figure 6).

(I) Computing the scaling ratio of the planar graph and 
a screenshot. The scaling factor λc on the cross section is 
calculated from the actual distance, with the image distance 
shown in Figure 7.

λc =6.91/(xa
1 − xa

2
)	 [2]

Through the corresponding relation of the point a1 to  
a1' and a2 to a2' in the cross-section image and plane graph, 
the zoom factor λp of the plane graph can be calculated as 
follows: 

λp = 6.91/(xa1
' − 'xa2

'')	 [3]

(II) The spherical coordinates and radius of the 
spherical surface of IOL were obtained. Here we selected 
the coordinates of four different points on the anterior/
posterior surfaces. The spherical coordinates and radius of 
the spherical surface on which the front and back surfaces 
of the IOL were located could be determined by several 
points.

In Figure 7, a1, a2, and a', a2' are the vertices of the 
left and right irises in the plan graph and the screenshot 
respectively. B is the reference point selected in the 
screenshot. It is the intersection of the vertical line and the 

Figure 4 Plane view of ocular surface relative to the OCT 
scanning lens. OCT, optical coherence tomography.
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cornea in a1 and a2. The pupil is defined as the midpoint of  
and a1', a2'. 

After obtaining the coordinates of these points, a 
reference point was selected. It is point B on the cross-
sectional view in Figure 7. Point B is the intersection of the 
perpendicular line with the cornea in the line connecting a1 

and a2 in the cross section. In the plane view, point B and the 
midpoint of a1   

 and a2 overlap. This way, we could determine 
that reference point B had the following coordinates in the 
plan view:

(x', y')                                                                               [4]

Next, by referring to the actual distances between point 
B and a1 in the plan view, the x-coordinate of the point B in 
the section plane could be obtained using the scale factor of 
the section plane. Then, δ and ϵ were taken simultaneously 
to the minimum value as follows:

xB=(x' - x'a)λp / λc + x'a                                                      [5]
The reference point B is the pupil in the plan view. From 

the plan view, we understood that the Z coordinate of B 
coincided with a'1. Therefore, the spatial coordinates of 
reference point B were the following: (xB, y'B,Z)                  [6]

We then chose to take four points on the anterior/

Figure 5 An example of an image processing result for the edge detection and margin supplement of IOL and the plane of the scleral spur. 
Left: biconvex IOL; right: planar IOL. IOL, intraocular len.

Figure 6 Flowchart for measuring IOL decentration and tilt. IOL, intraocular len.

Step 1: Compute the scaling ratio of planar graph and 

screenshot

Step 2: Calculate the spherical 

coordinates of the upper and lower 

surface of the artificial lens

Step 3: Calculate the coordinates of 

the center of the artificial lens

Step 5: Calculate the eccentric angle 

and offset distance of the artificial lens

Step 4: Calculate the three-

dimensional coordinates of the pupil
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posterior surface of the IOL on the images at 0–180 degrees 
and 90–270 degrees, respectively. Through the coordinates 
of these selected points, we could determine the center 
and radius of the sphere where the anterior and posterior 
surfaces were located.

(xD, yD, zD) = (( xD - xB )λp, ( yD - yB ) λP, ( ZD - ZB ) λC )   [7]

(III) The coordinates of the center of the IOL was 
calculated. Firstly, the IOL was designed as a double-convex 
structure. Then, the distance between the two spherical 
surface was determined as follows:

( ) ( ) ( )2 2 2

q1 q2 1 2 1 2= - q q q qd x x y y z z+ − + −                     [8]

The distance from the center of the sphere q1 to the 
center of the IOL was calculated as follows:

( )1 2 2
2 2 /2  1d = R R d d− +                                               [9]

Then, the coordinates of the center E(Xe, Ye, Ze) of the 
IOL were as follows:

Xe = xq1 + (xq2 − xq1 )d1/d	                                                [10]
Ye = yq1 + (yq2 − yq1 )d1/d	                                                [11]
Ze = zq1 + (zq2 − zq1 )d1/d	                                                [12]

(IV) By calculating the 3D coordinates of the pupil from 
the geometric point of view, we determined that the 3D 
coordinates (Xt, Yt, Zt) of the pupil were the following:

1 2( )
2

a a c
t

x xX λ+
=

                                                        [13]

Yt = xB                                                                             [14]

1 2( )
2

a a c
t

z zZ λ+
=

        

[15] 
(V) By calculating the eccentric angle and offset distance 

of the IOL, we determined that the center coordinates of the 
IOL were (Xe, Ye, Ze), and that the 3D coordinates of the 
pupil were (Xt, Yt, Zt). Therefore, the offset distance of the 
IOL was as follows:

Δx = xe − xt	                                                               [16]
Δy = ye − yt	                                                               [17]
Δz = ze − zt	                                                               [18]
Therefore, the eccentric distance of IOL was as follows:

ds = (Δx)2 + (Δy)2                                                           [19]

The equation for the ball on the upper surface of the 
IOL was as follows:

(x − xq2 )2 + (y − yq2 )2 + (z − zq2 )2 = R2                     [20]

Then, the normal equation of the upper surface of the 
artificial lens was as follows:

2 2 2

2 2 2

q q q

e q e q e q

x x y y z z
x x Y y z z
− − −

= =
− − −                                         [21]

The reference plane is the plane in which the scleral 
spur is located. The plane of the scleral spur is shown by 
the straight line in Figure 5. The coordinates of the scleral 
spur can be obtained from the OCT instrument. Therefore, 
the inclination angle of the IOL is the inclination angle of 
the normal line obtained by Equation 20 with respect to 
the plane. The normal of the 3D space can be obtained by 
the surface equation, which deviates from 1.752 degrees in 
the X direction, 1.445 degrees in the Y direction, and 2.860 

Figure 7 The diagrammatic presentation of different point symbols (the first one is a plan graph, and the second one is a 0–180 degree 
screenshot).
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degrees in the Z direction.

Statistical analysis 

All statistical analysis was done using SPSS 23.0 (IBM, New 
York, NY, USA). The intraclass correlation coefficient (ICC) 
was used to evaluate the reliability and repeatability of the 
method. 

Results

Repeatability and reliability

 Twelve subjects were randomly chosen. The offset distance 
and the tilted angle of the IOL were measured for three 
times (Table 1). The first and the second measurement 
were done by HJZ and WPL respectively. While the third 
measurement was done by WPL repeatedly one month 
after the second measurement. The comparison of the first 

and second measurement were treated as reliability, the 
ICC of which is 0.867. The comparison of the second and 
the third measurement both done by WPL was defiend as 
repeatablility, the ICC of which is 0.901. 

Tilt angle and decentration of IOL in 3D space

In this study, AS-OCT images of 86 eyes were continuously 
acquired. Eight eyes were excluded because of the poor 
quality of the image. Finally 80 eyes of 58 subjects (62.3±8.6 
years) in total were captured, including 32 male and 26 
female. All eyes received cataract surgery at least one 
year prior the study. Identification and differentiation 
were performed by the R-FCN network IOL, and the 
3D reconstruction modeling of the IOL was performed 
to evaluate the location of IOL. The average thickness of 
the IOL used in these patients was 1.30±0.24 mm. The 
average tilt angle of the IOL relative to the plane where 
the scleral spur is located in 1.65±1.00 degrees (Figure 8). 
Only one patient had a significant tilt of the IOL more than  
7 degrees. It significantly affected the vision. The offsets dx 
and dy occurring in the early X and Y directions of the IOL 
are 0.29±0.22 and 0.33±0.24 mm, respectively. The IOL 
offset distance is 0.44±0.33 mm. As shown in Table 2.

Discussion

The biggest advantage of AS-OCT with respect to prior 
technique is the ability to provide high resolution and 
non-invasive 3D cross-sectional images, thus rendering 
it valuable for xthe diagnosis of diseases such as cataracts 
and glaucoma (15-18). In 1988, Phillips et al. (19), using 

Figure 8 Data sheet for repetitive studies.
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Table 1 Distance of IOL relative to the pupil and tilt angle of 
different measurements

Category
Mean ± SD (n=12)

Measurement 1 Measurement 2 Measurement 3

X direction 
offset distance

0.29±0.22 mm 0.25±0.16 mm 0.26±0.18 mm

Y direction 
offset distance

0.33±0.24 mm 0.29±0.22 mm 0.31±0.19 mm

Tilt angle 1.65±1.00 
degrees

1.76±0.99 
degrees

1.53±1.01 
degrees

IOL, intraocular len.
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Purkinje imaging system measured the tilt and decentration 
of IOL in the static eye. The results showed that the average 
tilt was 7.8 degrees and the average decentration was  
0.7 mm. With the development of surgical technique and 
newly designed IOL presented on the market, the precise 
location of the IOL is crucial for better visual quality of 
patients. Even minute shift of IOL could induce refractive 
error and high order aberration. The traditional evaluation 
of the IOL position is based on slit-lamp images, which 
could not qualify, even detect, the minute dislocation of 
the IOL. Although the Purkinje method could qualify the 
small shift of IOL, it depends on reflected lights by many 
ocular compositions and complicated calculation, which is 
hard for clinician to understand and interpret. A reliable 
and objective method to quantify the IOL dislocation is 
indispensable for clinician, which might provide valuable 
information for IOL design and surgical strategy making. 

OCT is a non-invasive, widely used and highly 
reliable 3D imaging method. In this study, we proposed 
a 3D-reconstruction method to calculate the tilt and 
decentration of IOL using a commercial OCT imaging 
system. It is different from the Purkinje or Scheimpflug 
imaging system and ultrasound biomicroscopy (UBM) 
(2,19,20). Compared with the previous Purkinje and UBM 
systems, our method is more convenient and accurate. 
The Scheimpflug systems has many limitations. For 
example, when lenses are very flat, it relies on the proper 
measurement of the anterior and posterior lens radius of 
curvature. The Scheimpflug system requires pupil widely 
dilated, which could not be achieved in some eye with 
IOL, especially for the IOL with obvious tilting. However, 
the majority of researchers have found that the clinically 
relevant tilt and decentration were limited, which is 
consistent with our results. This model took longer than 
the single-line scan model. Therefore, several potential 

factors in AS-OCT image capturing may affect the tilt and 
decentration values, such as the lack of an eye-tracking 
technique, the lower scan speed, the relatively longer 
capture time, the lack of a real-time capture technique for 
the eye plane image, and the cross-sectional image and 
fixation fluctuation of the patient. 

In our study, we chose a spherical IOL for 3D 
reconstruction because the surface of the IOL is the most 
widely used, and the surface IOL is relatively convenient 
for performing 3D reconstruction. Of course, each patient's 
IOL is different. In this experiment, several sets of data 
were randomly selected for OCT images to ensure the 
accuracy of the experiment. Moreover, our method did not 
use equipment to realize the 3D reconstruction of IOL, 
which requires researchers to make subsequent calculations. 
The mathematical model we chose in the study was very 
accurate. We used the plane of the sclera as a reference 
surface to determine whether the IOL was tilted or 
eccentric. In the course of the experiment, there were still 
some issues relating to the middle of the IOL. In addition, 
we may need to use some other methods to analyze the 
location of the IOL for comparison. The OCT images used 
in our experiment were the postoperative OCT images 
of patients collected in recent years. We did not find the 
AS-OCT image database on IOL on the Internet, so our 
method could not be compared with other experimental 
results.
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