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Neural network-based automated
proptosis measurement using
computed tomography images for
patients with thyroid-associated
orbitopathy

Sujeong Han?, Jaesung Lee*" & Jeong Kyu Lee?™”

The purpose of this study was to evaluate the clinical feasibility and reliability of a neural network
(NN)-based automated proptosis measurement system using computed tomography (CT) images. An
automated proptosis measurement system was developed using the CT images of 200 eyes from 100
patients diagnosed with thyroid-associated orbitopathy. We compared the proptosis value obtained
from the proposed automated system with the values obtained from the Hertel exophthalmometer
and manual measurements of CT slices. The average measurement values were 17.77 + 2.47 mm

with the Hertel exophthalmometer, 18.87 + 2.68 mm with the manual measurement of CT slices, and
19.30+ 2.76 mm with the proposed automated system. There was no significant difference in the
proptosis values measured using the manual and automated NN-based methods (p =0.241). The values
obtained from manual measurement and automated measurement using CT images showed excellent
agreement with an intraclass correlation coefficient of 0.95. Based on the Bland-Altman plots, the
95% limits of agreement between manual CT and NN-based measurements were much smaller than
those between Hertel exophthalmometer measurement and manual and NN-based measurements. In
conclusion, automated NN-based measurements could provide a straightforward and efficient method
for measuring proptosis using CT images.

Keywords Computed tomography, Thyroid-associated orbitopathy, Proptosis, Neural network, Hertel
exophthalmometer

Accurate measurement of proptosis is essential for diagnosing orbital diseases such as thyroid-associated
orbitopathy!, orbital fractures, and orbital tumors. There are several methods of measuring proptosis. Among
these methods, the Hertel exophthalmometer is the most commonly used tool for measuring proptosis®.
It measures the vertical distance from the lines connecting both lateral orbital rims to the corneal vertex.
However, the Hertel exophthalmometer has limitations in terms of accuracy and reliability due to observer
variability>*. Improperly positioned footplates, inconsistent measurement techniques, and parallax errors can
lead to measurement discrepancies™®. Variability in subjects’ characteristics, such as strabismus, asymmetry of
the lateral canthi, and soft tissue swelling, may also contribute to the measurement error.

To address existing limitations, computed tomography (CT) images have been utilized to measure the degree
of proptosis’~!°. However, there are several drawbacks to measuring proptosis using CT images. As the highest
point of the cornea and the line connecting the lateral orbital rims cannot always be captured in the same
plane on a two-dimensional CT scan, the level of the measured CT slice may not correspond to the area of
maximum proptosis. In patients with strabismus, the eyeball may be misaligned either horizontally or vertically,
resulting in inaccurate measurements. Manual segmentation of regions of interest, such as the lateral orbital
rim and cornea, along with the process of drawing lines between targeted areas, is time-consuming. To address
this limitation, several software programs have been developed to semi-automatically measure proptosis in CT
images'!. However, semi-automated measurements still require manual input, which can prolong the analysis
process. Fully automated measurements using automated segmentation algorithms aim to reduce the analysis
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time while maintaining consistency. These automated methods are designed to achieve results equivalent to
those of manual CT measurements, with improved efficiency.

Recently, neural networks (NNs) have been utilized for image analysis in eyelid and orbital diseases. NNs
allow the development of an automated and efficient computer-aided diagnosis system. If appropriate NN
techniques can be applied to measuring proptosis using CT images, they could provide more consistent and
accurate measurements and significantly reduce the time needed for analysis. A previous study has reported the
use of a NN technique in proptosis measurement with CT images'2.

In this study, we proposed a NN-based automated method for measuring proptosis using axial CT images.
Our method enhances a previously reported NN model by incorporating a rotation step that aligns the positions
of both bones in parallel. This step is crucial as it allows for easier and more accurate calculations by comparing
pixel positions and ensuring the proper alignment of the bone ends. In addition, we attempted to assess the
performance of the proposed method by comparing it with a manual measurement method using CT images.

Results
A total of 200 eyes from 100 subjects were included in this study. The average age was 35.9 +143.2 years. There
were 12 male patients and 88 female patients.

To accurately assess the degree of proptosis, it is crucial to choose the most suitable CT slice for measurement.
A comparison between the manually selected CT slice for measurement and the CT slice automatically chosen
by a NN revealed that the same CT slice was selected for all 100 subjects, indicating 100% agreement.

We compared the proptosis values obtained with the Hertel exophthalmometer, manual measurement of CT
axial slices, and proposed automated measurement system using a NN. The average measurement values were
17.77 £2.47 mm with the Hertel exophthalmometer, 18.87 +2.68 mm with the manual measurement of CT
slices, and 19.30 +2.76 mm with the proposed automated system. The proptosis value obtained using the Hertel
exophthalmometer was 1.0 mm and 1.5 mm lower compared with the values obtained using the manual and
NN method, respectively, which was statistically significant (p <0.001, p <0.001). On the contrary, there was no
statistically significant difference in the proptosis values measured using the manual and proposed NN method
(p=0.241) (Fig. 1).

The values obtained from manual measurement and automated measurement of the degree of proptosis
using CT images showed excellent agreement for all subjects. The intraclass correlation coefficient (ICC) was
0.95. On the other hand, the value measured with the Hertel exophthalmometer showed moderate agreement
with ICCs of 0.75 and 0.71 compared with the manual CT measurement and NN-assisted measurement values,
respectively (Fig. 2).

Based on Bland-Altman plots, the average difference with 95% limits of agreement for the proptosis degree
between manual CT measurement and NN-based measurement was 0.42 mm with a range of -1.02 to 1.88 mm.
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Fig. 1. Comparison of the Hertel exophthalmometer, computed tomography (CT), and neural network
(NN)-based method. The proptosis value measured using the Hertel exophthalmometer was 1.0 mm and
1.5 mm lower compared with eh values obtained using the manual and NN methods, respectively, which
was statistically significant. However, there was no statistically significant difference in the proptosis values
measured using the manual and proposed NN methods. ** < 0.001. Bonferroni correction after repeated
measure one-way analysis of variance.
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Fig. 2. Correlation between manual computed tomography (CT), neural network (NN)-based, and

Hertel exophthalmometer measurements. (a) Manual CT measurements and NN-based measurements
(intraclass correlation coefficient (ICC)=0.95), (b) Hertel exophthalmometer and manual CT measurements
(ICC=0.76), and (c) Hertel exophthalmometer and NN-based measurements (ICC=0.71).
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Fig. 3. Bland-Altman plots comparing manual computed tomography (CT), neural network (NN)-based, and
Hertel exophthalmometer measurements. (a) Manual CT measurements and NN-assisted measurements, (b)
Hertel exophthalmometer and manual CT measurements, and (c) Hertel exophthalmometer and NN-based
measurements.

The average differences with 95% limits of agreement for the values between Hertel exophthalmometer
measurement and manual CT and NN-based measurements were 1.19 mm with a range of -2.85 to 5.22 mm
and 1.61 mm with a range of -2.56 to 5.79 mm, respectively (Fig. 3). To assess the statistical significance of these
differences, we conducted the F-test to compare the variances among the measurement methods. A comparison
of the variance between manual CT and NN-based measurements with that between manual CT and Hertel
exophthalmometer measurements yielded an F-statistic of 54.6085 (p <0.001). Similarly, a comparison of the
variance between manual CT and NN-based measurements with that between Hertel exophthalmometry and
NN-based measurements resulted in an F-statistic of 23.9609 (p <0.001). These results indicated that the 95%
limits of agreement between manual CT and NN-based measurements were significantly smaller than those
between Hertel exophthalmometer measurements and both manual CT and NN-based measurements.

Discussion

In this study, we aimed to automatically estimate the degree of proptosis based on the axial view of CT images.
Proptosis is a crucial indicator for evaluating the progression and severity of TAO, and it also aids in the diagnosis
of orbital diseases!*>!4. Therefore, the precise clinical assessment of proptosis is essential for diagnosing TAO.
However, current methods are constrained by the variability of results related to the clinician'>!°. In this study,
we proposed an automated method for measuring the degree of proptosis in patients with TAO using NN and
image processing techniques, resulting in improved efficiency.

Both our study and previous research, such as that by Zhang et al.!?, employ segmentation NNs to automate
the measurement of exophthalmos, highlighting the potential of artificial intelligence in medical imaging. These
approaches aim to reduce the subjectivity and variability inherent in traditional manual methods. However,
our study includes a novel rotation step to align the positions of both bones in parallel, which simplifies and
automates the measurement of proptosis. This additional step distinguishes our method from previous studies.
Furthermore, our study provides comprehensive validation by comparing automated measurements not only
with manual CT measurements but also with Hertel exophthalmometry, offering a more robust assessment of
the system’s accuracy.
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Our study demonstrated the excellent correlation between manual and NN-based automated measurements
of proptosis using CT axial slices. The difference between the two measurements was only 0.43 mm, and the ICC
was 0.95. Considering that the NN-based automated method can be much more time-efficient and consistent
than the manual method, NN-based measurement could serve as a substitute for manual measurement. In most
previous studies that measured proptosis semi-automatically or automatically, the CT axial slice was determined
manually. In this study, the slice selection framework was programmed to automatically choose the slice with
the largest eyeball. The automatically selected slices were consistent with the manually selected slices. Therefore,
in this study, the entire measurement process could be automated with the help of a NN, which is advantageous.

Theresultsshowed significant differencesbetween proptosis measurements using the Hertel exophthalmometer
and CT methods. The mean values measured manually using CT images and automatically using a NN were
1.0 mm and 1.50 mm longer, respectively, than the value measured using the Hertel exophthalmometer. The
proptosis value obtained from CT scans appeared to be higher than that obtained from Hertel exophthalmometry.
Previous studies have also reported that proptosis values obtained with CT were 0.30-1.43 mm greater than
those obtained with the Hertel exophthalmometer!!!”. This difference may be attributed to variations between
Hertel exophthalmometry, which is conducted in a sitting position, and CT, which is conducted in a supine
position. Furthermore, when using the Hertel exophthalmometer, reference points are located at the back
rather than at the footrest due to the presence of skin and soft tissue. The value measured using the Hertel
exophthalmometer showed relatively lower correlations with the values measured using the manual and NN-
based method, with ICCs of 0.71 and 0.75, respectively. The Hertel exophthalmometer and CT-based methods
both measure the distance from both orbital rims to the corneal apex in a similar manner. However, discrepancies
in measurement values may arise from variations in the equipment. Therefore, the values measured with the
Hertel exophthalmometer and the values measured with CT should not be interchanged.

Our proposed method differs from other existing methods in its approach to data processing and the
measurement of the proptosis degree!®!. First, our approach enhanced the efficiency of measuring proptosis
by utilizing various image processing techniques. By distinguishing between the colors of the eyeball and the
bone, we accurately identified the positions of the ends of the eyeball and the bone based solely on the color
information. Additionally, we simplified the process of measuring the degree of proptosis by aligning the ends
of the bones to be parallel. This adjustment allows the estimation to rely solely on the positional data of the
pixels. Second, with our approach, proptosis degree measurement was possible based on only the difference
in the y-coordinates between the end of the bone and the end of the eyeball. Therefore, the degree of proptosis
can be measured with less computational effort and time. Third, our method could overcome the limitations of
the conventional measurement method for proptosis degree used by clinicians. The traditional approach relies
on subjective assessments by clinicians, leading to inconsistency, limited reproducibility, and low accuracy. The
proposed method can automatically measure the degree of proptosis using CT images and mask images as input,
ensuring consistent and objective results. By applying the eyeball segmentation model utilized in previous image
segmentation studies, it is possible to measure the degree of proptosis by inputting CT images, leading to a more
automated approach for measuring ocular proptosis.

Our study has several limitations. Similar to most artificial intelligence research, this study is limited by the
small number of subjects. Also, the gender distribution in the study was skewed towards more women than men,
reflecting the higher prevalence of TAO in women than in men. However, since the study primarily focused on
developing techniques for quantifying image values, efforts to balance the gender distribution were not made
under the assumption that gender would not significantly impact the study outcomes. The study’s exclusive focus
on patients with TAO may limit its generalizability and applicability to a broader population. Nevertheless, the
fundamental principle of measuring exophthalmos remains consistent across different conditions. It involves
the horizontal line connecting both orbital lateral rims to the vertex of each eye. Hence, the NN-based approach
proposed for exophthalmos measurement is believed to have broad applicability, encompassing normal
individuals, except those with lateral orbital wall fractures or deformities. Additionally, since the measurements
were taken by selecting a specific slice from CT images, there is a possibility of inaccuracy in the measurements if
the eyes are not properly aligned, especially in case of vertical deviation or when the subject’s gaze is not directed
straight ahead. Our study could not resolve this existing problem. Therefore, a method of measuring the entire
orbit, including the eye, by reconstructing it in three dimensions, can be considered as an alternative. Although
this study had inherent limitations in using two-dimensional CT images, a more comprehensive analysis would
be possible if three-dimensional images could be used to evaluate exophthalmos. Further research on this topic
should be conducted in the near future.

In conclusion, we proposed a NN-based measurement system that could automatically measure the degree
of proptosis using CT images. The value obtained with our proposed method demonstrated a strong correlation
with the proptosis value manually measured using CT images. With this automated proptosis measurement
system, it is possible to consistently and efficiently measure the degree of proptosis in a timely manner.
However, there was a significant difference with the value measured with the Hertel exophthalmometer, making
comparison difficult. The system we developed could be implemented in a portable device or integrated into
existing medical devices for potential clinical use. Nevertheless, additional research would be needed for future
clinical applications.

Methods

The Institutional Review Board (IRB) of Chung-Ang University Hospital approved this retrospective study (IRB
No. 2402-105-19510). The requirement for informed consent was waived by the IRB of Chung-Ang University
Hospital due to the retrospective nature of this study. Image acquisition, processing, and analysis were performed
in accordance with the tenets of the Declaration of Helsinki.
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Study subjects

A total of 100 patients diagnosed with TAO were recruited. Patients with a history of facial trauma, orbital
surgeries, or incomplete CT image sets were excluded. All patients underwent comprehensive ophthalmologic
and CT examinations. Clinical records, including age, gender, previous medical history, and degree of proptosis,
were collected for review. The degree of proptosis was independently measured by an experienced clinical
observer using the Hertel exophthalmometer (Oculus Inc., Wetzlar, Germany) on the day of the CT examination.
The reading was taken as the distance between the point on the temporal orbital rim, the deepest palpable point
of the angle, and the apex of the cornea. Measurements were recorded to the nearest 0.5 mm.

Manvual proptosis measurement using CT images

All patients were scanned with a 256-slice MDCT scanner (Brilliance 256; Philips Medical Systems, Shaker
Heights, OH, USA), as previously described!!. Orbital CT scans were obtained using contiguous axial slices, with
the head positioned parallel to the Frankfurt plane. During CT, patients were instructed to focus on a fixed point.
The scanning parameters were as follows: 120 kV, 150 mAs, 64 X 0.625 mm detector configuration, 1 mm slice
thickness, and 1 mm slice increment. We selected the slice with the largest eyeball in the axial plane for measuring
proptosis. Proptosis measurement was conducted on the CT images by drawing a horizontal line between the
lateral orbital rims on an axial plane, followed by drawing a perpendicular line forward to the posterior surface
of the cornea (Fig. 4). The posterior surface of the cornea was chosen because it can be challenging to define the
anterior surface of the cornea on CT images. The same examiner repeated the measurements three times, and
the average value was used as the measurement value.

Automated proptosis measurement

To measure the proptosis degree using CT images, it is essential to select the slice showing the largest eyeball in
the axial view. We selected the largest eyeball slice based on the eyeball segmentation NN from a previous study?.
This model was trained to specifically segment the eyeball, excluding surrounding tissues such as retrobulbar fat.
First, all slices in the axial view for each patient were resized to 512 X 512 pixels. Second, all slices were input into
the NN to obtain an eyeball mask. Next, the percentage of the eyeball in the entire image was calculated using
the eyeball mask obtained through the NN. By applying binarization to the mask and subsequently calculating
the ratio of positive pixels to the total number of pixels, the proportion of the eyeball can be quantified efficiently.
This ratio was determined by counting the number of pixels that represent the eyeball (value 1) and dividing that
by the total number of pixels in the image. Finally, the slice with the largest eyeball proportion was selected for
all patients. With an automated eyeball slice selection framework, we can efficiently select the appropriate eyeball
slices for proptosis measurement.

We used the same method employed by clinicians to measure the degree of proptosis, with the Hertel
exophthalmometer. First, we extracted the bony part of the orbit by adjusting the Hounsfield Unit (HU) value
in the original CT image. The bone was extracted based on the 600-3000 HU range. Second, we created a
dataset to quantify the degree of proptosis by merging the eyeball mask image with the extracted bone image.
In this process, the eyeball and bone were clearly distinguished using different colors. Third, for a more precise
measurement of the degree of proptosis, we aligned the ends of the bone in the composite image of the eyeball
and bone. To align the ends of both bones, the Y-axis points of both bones were found based on the pixel values.
The angle between the straight line and the x-axis was determined by connecting each coordinate. And then,

Fig. 4. Manual measurements of proptosis degree using computed tomography (CT) images. A line is drawn
between the lateral orbital rims on the axial plane that bisects the lens. Then, Line B is drawn perpendicular to
Line A, extending towards the posterior surface of the cornea to measure proptosis.
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Left Eyeball

the coordinates of both ends of the bone were used to extract the radian values by applying the arctan function.
Subsequently, the image was rotated by a specific angle so that both ends of the bone were parallel. To assess
the degree of proptosis in both eyes, we calculated the absolute difference between the y-coordinates of the
endpoints of the bone and the eyeball, which refers to the degree of proptosis in terms of the number of pixels in
the CT image. Finally, by multiplying the number of pixels obtained earlier by the pixel unit length, we obtained
the estimated value of the proptosis length (Fig. 5). In this process, we utilized the pixel length, which is a piece
of metadata extracted from the CT image.

Statistical analysis

Data are expressed as the mean + standard deviation. Repeated measures one-way analysis of variance (RM-
ANOVA) with Bonferroni correction was used to compare proptosis measurements obtained by different
modalities. The ICC was calculated to evaluate the agreement between manual and automated measurements.
Bland-Altman plots were used to visualize the discrepancies between manual and automated measurements. As
the 95% limits of the Bland-Altman plots are determined by the variance, we conducted the F-test to compare
the differences in the 95% limits of the Bland- Altman plots. The 95% confidence intervals for the mean difference
and limits of agreement are shown on the plots. All statistical analyses were performed using R software (version
4.2.2). A p value less than 0.05 was considered statistically significant.

Data availability
Datasets used and analyzed during the current study are available from the corresponding author upon reason-
able request.
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Fig. 5. Overview of neural network-assisted estimation of the proptosis degree.
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