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Background: With the continuous development of machine vision and imaging technology and its 
application in computer-aided diagnosis, it is clinically important to use computer technology to assist 
physicians in accurate cataract surgery. The capsulorhexis directly affects the outcome of cataract surgery, 
therefore, we design a method to automatically determine the virtual boundary of capsulorhexis for cataract 
surgery planning and tracking in-vivo to help surgeons achieve a more ideal capsulotomy geometry.
Methods: In this study, an effective method was proposed to detect and display the location of capsulorhexis 
in cataract videos in-vivo. The initial step was locating the entire eye area by analyzing the connected 
components of the mirror reflective points in the image in the cataract surgery video. Then, an operator was 
designed for ridge edge variation and used to extract pupil edge features. Lastly, circular Hough transform 
was used to detect the pupillary margin and calculate the boundary between the scleral limbus and the virtual 
capsulorhexis border in accordance with the pupillary margin and finally displayed it in-vivo during cataract 
surgery.
Results: The method was tested on eight videos of cataract surgery and the results showed that 98.52% 
accuracy was achieved in the localization of the specular reflection point. We compared the proposed 
operator with the Sobel, Scharr, Laplace and Canny operators and the results showed that our operator 
achieved the smallest mean square error with the greatest structural similarity. 
Conclusions: The analysis demonstrated that the proposed operator outperformed other operators in 
detection and achieved satisfactory results in the videos of actual cataract surgeries.
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Introduction

Continuous curvilinear capsulorhexis (CCC) is a very 
important step in cataract surgery (1-3). A good continuous 
circumferential capsulotomy directly affects the outcome 
of cataract surgery and the best postoperative refractive 
outcome (4). Too large or too small capsulorhexis could 
increase the risk of posterior capsular opacity (5-7). During 
cataract surgery, capsulorhexis is performed by a cataract 
surgeon with the use of forceps to create an opening in 
the capsule, approximately 4.0–5.8 mm in diameter, on 
the anterior surface of the lens capsule of the human eye 
(5,6). In the process of capsulorhexis, the position of the 
capsulorhexis needs to be judged by the surgeon on the 
basis of experience, which increases the difficulty of the 
surgeon’s actual operation (7). Therefore, the use of edge 
extraction technology to assist in surgery could effectively 
improve the accuracy of CCC and the success rate of the 
surgery.

Circular corneal markers and a limbus-centered 
capsulotomy mark have emerged during the development 
of capsulotomy to optimize the capsular tear (8-10). 
Although the reference ring marking increases the accuracy 
of the capsulorhexis procedure, placing the reference ring 
increases not only the complexity of the procedure but also 
the risk of unexpected intraoperative problems (7). To this 
end, a simple capsulorhexis virtual boundary generation 
method based on the cataract surgery video was designed in 
accordance with the characteristics of pupil edge changes 
during cataract surgery.

However, most of the current methods for image edge 
detection could only detect the step edge and ramp edge, 
and the operator has difficulty at detecting the ridge edge 
(11-18). As cataract is an invasive surgery, the destruction 
of the ocular edge by the instruments greatly increases the 
difficulty of edge detection. 

Figure 1 shows the changes in different positions of the 
pupil edge in the grayscale image. In the enlarged image, an 
obvious boundary could be seen at the pupil edge position. 
In the three-dimensional (3D) image corresponding to 
each position, an obvious gray gradient change could be 
found at the edge of the eye, and the gradient changes into 
a ridge shape. Therefore, a ridge operator was designed 
in accordance with the edge change. First, the entire eye 
position was located using the reflective point. After the 
initial interception of the eye position by intraoperative 
localization points, the image edge was extracted using the 
ridge operator. Finally, the tear capsule opening, pupillary 

margin, and scleral limbus positions were detected and 
displayed in-vivo by Hough transform.

Methods

As shown in Figure 2, the method was divided into two 
steps of specular reflection point location and boundary 
delineation. In the first step, the cataract surgery video was 
inputted as a frame image, and the image was cropped by 
locating the specular reflection points in the image as the 
input for feature extraction. In the second step, the edge 
feature of the pupil edge of the eyeball was extracted using 
the ridge operator, and the position of the pupil edge circle 
was calculated in accordance with the edge feature. After 
each frame of image was processed to delineation the edge 
and outline the virtual boundary, the processed image was 
outputted in the form of video in sequential frames to 
complete the detection and tracking of the pupil edge in 
cataract surgery.

Materials

The cataract surgery video data used in this study came 
from Shanxi Provincial Eye Hospital, and a total of eight 
cases were obtained from real-shot videos during clinical 
cataract surgery. In accordance with the analysis and 
decomposition of intraoperative cataract video, a total of 
3,600 CCC images of cataract were selected for testing, and 
the size of each image was 576×720 pixels.

Primary location

Due to the non-uniformity of the recording equipment used 
in cataract surgery, the sizes and specifications of various 
cataract surgery videos differ. Specular reflections are caused 
by the illumination used for image acquisition, and they 
appear as brightest points in the iris region of eye images. A 
method of using specular reflection points to initially locate 
and intercept the eye area was adopted to overcome the size 
difference caused by video recording.

The input cataract surgery color image of size 
576×720×3 was converted to grayscale, and Gaussian 
filtering was selected to process the image to reduce 
high-frequency noise. Mathematical morphological  
operations (19) select appropriate structural elements to act 
on the image and process and perform certain operations to 
meet the requirements. 

After the filtered image was binarized with a fixed 
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threshold, a series of dilation and erosion was used to 
clean up small spots in the binary image and re-grow 
the remaining areas. The pixel count threshold was set 
to determine reflective spots. In the image with a size of 
576×720 pixels, the connected area with the number of 

pixels between 250 and 600 was selected as the target bright 
area, and the minimum closed circle of the bright area was 
calculated. The center of the smallest closed circle was 
taken as the specular reflection point, and a rectangular area 
of 400×400 pixels was selected, with the specular reflection 

Figure 1 Gradient change in pupil edge. (A) The original cataract surgery image; (B) the grayscale change image of (A); (C1,D1,E1) the 
magnified images of the pupil edge information in the grayscale image; (C2,D2,E2) the three-dimensional gradient magic figures of C1, D1, 
and E1, respectively.
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Figure 2 Virtual capsulorhexis border detection and tracking process in cataract surgery.
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point as the center as the eyeball area, for preliminary 
positioning and interception.

Border detection

In calculus, the first derivative of a one-dimensional 
function is defined as follows:

( ) ( )
0

d lim
d

f x f xf
x ε

ε
ε→

+ −
=  [1]

The image is treated as a two-dimensional function f (x,y), 
defined by partial differential as:
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As the image is a one-dimensional discrete function, 
the minimum interpolation between pixels is 1, so ε=1 is 
substituted into the above formula to obtain:

( ) ( ) ( ) ( ),
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Through a 3×3 operator matrix, the image intensity 
gradient at each point of the image was calculated by 
sliding, and the edge features in the horizontal and vertical 
directions of the image could be obtained. 

In a real eye image, the pupillary margin presents an 
obvious ridge in the grayscale image. Therefore, in a 3×3 
operator matrix, its edge features could be highlighted by 
weighing the eigenvalues of the ridge position pixels. The 
operator is f (x,y) to calculate the partial derivative of the 
3×3 neighborhood at the center of four directions of x, y, 
xy, yx. A certain weight was added to the center point of the 
operator to reduce the noise in the eye image. The digital 
gradient approximation equation of the operator could be 
described as follows:
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The computation matrices with such edge features is 
given as follows:

1 2 1
2 4 2
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where ∆x and ∆y represent the ridge edge features in the 
horizontal and vertical directions, respectively, and ∆xy and 
∆yx represent the ridge edge features in the 45° and 135° 
oblique directions, respectively.

The image was obtained by sliding the above operator 
matrices pixel by pixel to obtain the characteristics of the 
four directions in accordance with the formula:

( ) ( ), max , , ,x xy yxyG x y G G G G=  [14]

By using G (x,y) to obtain the edge features of the image. 
After the extracted edge feature image was normalized and 
equalized, the approximate circle of the pupil edge was 
extracted by Hough transform (8,20-22). In accordance 
with the position of the center of the pupillary margin, an 



Quantitative Imaging in Medicine and Surgery, Vol 13, No 8 August 2023 5123

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2023;13(8):5119-5129 | https://dx.doi.org/10.21037/qims-22-1319

approximate circle of the virtual capsulorhexis border and 
the scleral limbus was drawn in the image.

Results

In this paper, an algorithm for pupillary margin detection 
and tracking in cataract surgery was proposed. The 
experiment used Intel (R) Core (TM) i9-9900K CPU 
@ 3.60GHz Central processing unit, and the operating 
environment is Windows 10.

Location result of reflection point

In the specular reflection point positioning scheme 
proposed in this paper, corrosion and expansion were used 
to reduce the reflection of the surgical film and water, and 
the influence of the displacement and deformation of the 
reflection point caused by the movement of the instruments 
during the operation was suppressed. Figure 3 shows the 
results of locating the specular point when capsulorhexis 
tweezers occlude the specular point. 

The coordinates of the center of the specular reflection 
point in cataract surgery were marked in the normal 
environment and in the environment with more severe light 
interference and compared without corrosion expansion and 
without primary selection. The Euclidean distance between 
the prediction result and the manual marking result was 
taken as the judging standard, the artificial marking point 
as the center of the circle, and a circle with a distance of 
8 pixels as the judging area to calculate the accuracy of 
the predicted specular reflection point falling within the 
judging area. 

As shown in Table 1, the proposed method achieved an 
accuracy of 0.9981 under normal light conditions. The 
average error was only 1.6995-pixel units due to the fact 
that the interference of small light spots is eliminated after 
corrosion expansion, and the target area was enlarged 
at the same time. In another case images with severe 
environmental interference, the proposed method could 
still achieve an accuracy of 0.9852. Moreover, the average 
error in the images with severe environmental interference 
was only 2.0226-pixel units. 

Threshold Character Filter Result

Figure 3 Localization result of capsulorhexis forceps occluding the specular reflection point. The threshold image shows the filtered and 
denoised original image. Character image shows the feature map obtained by erosion and dilation of the image in the first column. Filter 
image shows the results after connected component filtering. Result image shows the minimum circle drawn on the third image, which is 
displayed on the original image.
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Gray scale image Sobel operator Scharr operator Laplace operator Canny operator Ridge operator

Figure 4 Pupillary margin features extracted by different operators. The leftmost column shows the grayscale image of the original image. 
Each of the remaining columns displays the edge extraction results obtained using different operators on the grayscale image on the left. 
The Sobel, Scharr, Laplace, Canny, and proposed ridge operators were utilized for edge extraction.

Table 1 Influence of different situations on results

Method
Normal image Interfere image

Distance (pixels) Accuracy Distance (pixels) Accuracy

Without erode and dilate 16.8242 0.7515 36.0092 0.6314

Without primary selection 6.9822 0.9845 216.4371 0.2352

Proposed method 1.6995 0.9981 2.0226 0.9852

Result comparison in different feature extraction operators

In this paper, the feature map was used to detect the image 
edges by using the ridge operator. The proposed method 
was compared with five different edge detection algorithms 
of Sobel, Scharr, Laplace, and Canny, and the result is 
shown in Figure 4.

Considering Sobel and Scharr operators are step-type 
edge extraction operators, they are very poor for ocular 

ridge-shaped edge extraction, and the feature extraction 
process is interfered by the light that presents step-type 
changes. For Laplace and Canny operators, although the 
ocular ridge-shaped edge could be extracted, pupil edge 
extraction is difficult to perform because of the interference 
between the fundus vessels and light in the feature map. 
Meanwhile, the proposed operator could effectively extract 
the completed pupil rim edge while overcoming the noise.
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In the actual cataract surgery video, the scleral limbus, 
pupillary margin, and virtual capsulorhexis border were 
sequentially extracted by the proposed method to reflect 
the ability of the operator to extract the ridge edge. The 
structural similarity and peak signal-to-noise ratio between 
the scleral limbus and capsulorhexis region of each image 
and the ground truth image of the scleral limbus and 
capsulorhexis region were calculated. Three cases of cataract 
surgery videos were selected. Then, the images in which the 
scleral limbus, pupillary margin, and virtual capsulorhexis 
border were successfully detected were selected for 
comparison, and the average value and corresponding 
deviation of the detection results of each frame of images 
were counted. The results are shown in Table 2.

As shown in Table 2, in the error between the image 
extracted by the contrast operator and the real ground 

image, the feature map extracted by the ridge operator has 
the smallest mean square error with the real ground image 
and the largest structural similarity performance and peak 
signal-to-noise ratio. This finding indicates that for the 
pupil edge feature, the edge extracted by the ridge operator 
has higher similarity with the pupil edge and less noise and 
distortion.

Results of cataract surgery video

The coordinates of the specular reflection point were 
reserved from the second frame on the basis of the 
Euclidean distance between the frames to further utilize 
the information between the frames before and after the 
video. Figure 5 shows the final performance of the proposed 
algorithm on actual surgical videos.

Table 2 Results of applying the edge detection operator to pupil edge image

Variables Sobel Scharr Laplace Canny Ridge

MSE (mean ± SD) 1,927±524 1,782±546 2,424±827 6,600±1,296 1,613±481

SSIM (mean ± SD) 0.66±0.04 0.66±0.04 0.64±0.05 0.67±0.04 0.68±0.05

PSNR (mean ± SD) 15.43±1.15 15.82±1.33 14.54±1.48 10.02±0.82 16.24±1.29

MSE, mean square error; SSIM, structural similarity; PSNR, peak signal-to-noise ratio; SD, standard deviation.

Figure 5 Illustration of some key frames. The blue circle represents the pupillary margin, the green circle represents the scleral limbus, and 
the red circle represents the virtual capsulorhexis border.
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Result of pupillary margin extraction

In the process of edge feature extraction on the grayscale 
image after positioning and cropping, the image needs to 
be down-sampled first. As shown in Figure 6, edge feature 
extraction was carried out under the original feature map, 
one sampling, two samplings, and three samplings. The 
results showed that the effect of feature extraction is best in 
the case of two down-samplings. Given that in the images 
of cataract surgery videos, the boundary of the pupil edge 
of the eye is gradually transitioned, in the 3×3 operator field 
of view, the effect of slowly transitioning feature extraction 
could be worse. Therefore, the down-sampling method was 
used to improve the signal-to-noise ratio and receptive field 
to obtain a clearer boundary. However, in excessive down-
sampling, the image could lose its original information and 

features. The experiments in this work proved that using 
100×100 feature maps for pupil edge feature extraction 
could achieve the best results, which are not only obtaining 
a clear pupil edge boundary but also retaining more 
information in the image. 

After the image features were extracted by the ridge 
operator, the pupil edge was extracted by Hough transform. 
The effect was tested under different surgical cases, as 
shown in Figure 7. In the test, eight actual cases of cataract 
surgery provided by Shanxi Eye Hospital were selected, 
and the images at the beginning of the intraoperative 
capsulorhexis were chosen. The feature map was normalized 
and equalized after positioning, the edge features were cut 
and extracted to improve the features of the edge of the 
pupil, and the Hough circle transform was used to detect 
this edge.

400×400 200×200 100×100 50×50

Figure 6 Extraction effect of feature maps of different sizes.
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In cataract surgery videos, individual differences could 
affect the results. In procedures with more standard 
procedures, brighter fundus lights could show more obvious 
edges in the image. However, when the light is insufficient 
and the patient’s lens nucleus is opaque, the edge of the 
fundus is more blurred, and the extracted pupil edge could 
be slightly deviated.

In-vivo analysis

In this paper, Python was chosen as the programming 
language to examine the in-vivo performance in actual 
cataract surgery videos. The algorithm was accelerated 
using CPU parallel computing. On Intel® CoreTM i9-9900K 
CPU @ 3.60GHz platform, with 16 threads parallelism in 
Python3.7 environment, the algorithm could achieve 14.02 
frames per second (FPS). The variation was analyzed in the 
variance of each image frame in the cataract surgery video, 
and slight image variation was found in the 3–5 consecutive 
frames of the video. One frame was taken in every three 
frames in the video for calculation to ensure the accuracy 
of the program and improve the smoothness, and the final 
result could reach 42.05 FPS. The experimental results 
satisfy the requirement of in-vivo.

Discussion

In this paper, a method of eye boundary delineation and 

tracking in cataract surgery was proposed, and a ridge 
operator was designed in accordance with the characteristics 
of intraoperative pupil boundary changes. The experimental 
results show that in the actual cataract surgery images, the 
ridge operator could highlight the edge features of the 
pupillary margin more obviously, and its effect is better than 
that of Sobel, Scharr, Laplace, and Canny operators. By 
using the features of the pupil edge, the virtual boundaries 
of the pupillary margin, the scleral limbus, and the 
capsulorhexis could be drawn in-vivo in continuous cataract 
surgery videos.

In the practical application of the proposed method, 
the specular reflection point was used to locate the eyeball, 
the target area was initially intercepted, and two down-
samplings were performed to simplify the calculation 
amount and improve the running speed of the program to 
meet the in-vivo performance in cataract surgery videos. 
The edge of the pupil was extracted by the ridge operator, 
the optimal position of the capsulorhexis of the eyeball was 
calculated in accordance with the pupil edge, and the virtual 
boundary of the position of the capsulorhexis was displayed 
in-vivo during the operation. The algorithm was tested to 
run at 42.05 FPS. The source code for the algorithm could 
be found on https://github.com/finallfish/Capsulorhexis-
Virtual-Border. The proposed method could assist surgeon 
to complete capsulorhexis surgery and provide technical 
support for subsequent cataract surgery.

By combining these improvements with the tracking 

1 2 3 4

8765

Figure 7 Pupil edge extraction results of different cases.

https://github.com/finallfish/Capsulorhexis-Virtual-Border
https://github.com/finallfish/Capsulorhexis-Virtual-Border
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process, our method offers a more reliable and effective 
approach for analyzing cataract surgery videos. The use 
of information between adjacent frames, along with the 
saved position information of the specular reflection point, 
helps to reduce errors in the labeling process. Furthermore, 
manually measuring the diameter of the pupillary margin 
in the first frame allows for more precise and efficient 
tracking of its position, resulting in a more accurate use of 
the Hough transform to locate the pupillary margin circle. 
Together, these enhancements provide a powerful tool for 
the analysis of cataract surgery videos.

The method proposed in this paper could efficiently 
extract the pupillary margin and scleral limbus by using the 
specular reflection point and the ridge operator. Moreover, 
the virtual boundaries of the pupillary margin, the scleral 
limbus, and the capsulorhexis border could be drawn in-vivo  
in cataract surgery videos. However, in the actual operation 
process, as the surgical instrument could squeeze the 
eyeball during the operation, the position of the virtual 
capsulorhexis could be affected when the eyeball is greatly 
deformed. In addition, this method is only aimed at eyeball 
boundary recognition in cataract surgery videos, and its 
effect on eyeball boundary extraction in other ophthalmic 
surgeries is unclear. In the follow-up work, the method 
should be tested for the extraction of eyeball boundaries 
in other ophthalmic surgeries, and the scheme should be 
improved on the basis of the problems identified.

Conclusions

We have proposed a new method for tracking the 
capsulorhexis boundary in cataract surgery using surgery 
video, where the boundary has been determined by the 
pupil margin. Additionally, we have designed a ridge edge 
extraction operator to effectively extract the ridge edge 
changes in the image. To assist surgeon in surgery without 
additional invading the eyeball, we have also proposed 
an in-vivo planning, tracking scheme for cataract surgery. 
Together, these contributions have offered a promising 
approach for improving the safety and effectiveness of 
cataract surgery.

In the future work, based on the virtual boundaries of 
the pupillary margin, scleral limbus and capsulorhexis 
that have been detected by this method, combined with 
other intraoperative positioning and tracking methods, 
the surgeon’s intraoperative operations will be monitored 
and early warnings will be given where problems may 
occur. This can assist the surgeon to complete the 

operation better.
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