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Purpose: The objective of the study is to develop deep learningmodels using synthetic
fundus images to assess the direction (intorsion versus extorsion) and amount (physi-
ologic versus pathologic) of static ocular torsion. Static ocular torsion assessment is
an important clinical tool for classifying vertical ocular misalignment; however, current
methods are time-intensive with steep learning curves for frontline providers.

Methods:Weused a dataset (n= 276) of right eye fundus images. The disc-foveal angle
was calculated using ImageJ to generate synthetic images via image rotation. Using
synthetic datasets (n = 12,740 images per model) and transfer learning (the reuse of a
pretrained deep learning model on a new task), we developed a binary classifier (intor-
sion versus extorsion) and amulticlass classifier (physiologic versus pathologic intorsion
and extorsion). Model performance was evaluated on unseen synthetic and nonsyn-
thetic data.

Results: On the synthetic dataset, the binary classifier had an accuracy and area under
the receiver operating characteristic curve (AUROC) of 0.92 and 0.98, respectively,
whereas the multiclass classifier had an accuracy and AUROC of 0.77 and 0.94, respec-
tively. The binary classifier generalized well on the nonsynthetic data (accuracy = 0.94;
AUROC = 1.00).

Conclusions: The direction of static ocular torsion can be detected from synthetic
fundus images using deep learning methods, which is key to differentiate between
vestibular misalignment (skew deviation) and ocular muscle misalignment (superior
oblique palsies).

Translational Relevance: Given the robust performance of our models on real fundus
images, similar strategies can be adopted for deep learning research in rare neuro-
ophthalmologic diseases with limited datasets.

Introduction

Ocular torsion consists of a static and dynamic
component and is defined as a rotation of the eye
around the line of sight in response to head tilt in
the roll (ear to shoulder) plane. This response is called
ocular counter roll (OCR) and occurs under both
physiologic and pathologic conditions. The response

of the vestibular system to both dynamic (during) and
static (after) head tilt must ensure the eyes remain
aligned. The dynamic OCR is mediated by both utric-
ular (linear acceleration receptors) and semicircular
canal (angular acceleration receptors) inputs, whereas
the static component is primarily driven by the utricle.
Themotion and gravity information from the labyrinth
directly affects the tonic level of activity within the
vestibular and ocular motor nuclei. An imbalance
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Figure 1. Examples of DFAmeasurement for right eye showing intorsion and extorsion. A line is drawnmanually by the examiner from the
center of the optic disc (large yellow circle) to the center of the fovea (small yellow circle). Another horizontal line is drawn through the center
of the optic disc. The angle between the two lines is the DFA.

between these nuclei can lead to (1) torsional nystag-
mus beating toward the side of the head tilt (dynamic
OCR), and (2) a torsional position offset opposite the
direction of the head tilt (static OCR).1–10

Pathologic static torsion results from central and
peripheral utriculo-ocular pathway lesions. The pattern
of pathologic static torsion distinguishes the two main
causes of vertical misalignment of the eyes: “skew
deviation,” caused by an imbalance in the vestibulo-
ocular motor pathways, and vertical strabismus from
either a fourth cranial nerve (trochlear)/superior
oblique palsy (SOP) or a partial third cranial nerve
palsy. A skew deviation can identify vertiginous
patients at risk for having a stroke.11–18 A skew devia-
tion of the eyes is often accompanied by a patho-
logic head tilt and change in torsion (OCR)11,13,14;
the triad (i.e. skew deviation, head tilt, and patho-
logic OCR) comprises the ocular tilt reaction (OTR).
A compensatory head tilt away from the higher (hyper-
tropic) eye occurs with an SOP. With a skew devia-
tion, the hypertrophic eye intorts, whereas the lower
(hypotropic) eye extorts.Whereas in an SOP, the hyper-
tropic eye extorts, whereas the hypotropic eye exhibits
no pathologic torsion.16

Currently, there are no simple reliable bedside
methods of differentiating SOP from skews in patients
with an acute onset of vertigo or double vision. The
Parks-Bielschowsky three-step test identifies paretic
muscles (e.g. superior oblique) in vertical diplopia19,20;
however, no torsional information is available to help
distinguish between skews and SOPs. Even though
subjective torsion is often assessed, there are pitfalls.21
The supine-upright test distinguishes skews from SOP

without assessing torsion,16 but lacks sensitivity in
patients who are acutely ill.22

There are several methods of assessing objec-
tive static torsion.23–25 Fundus photography is most
commonly used and can distinguish skews fromSOPs26
by measuring the disc-fovea angle (DFA).24 The DFA
is an inclination of the line connecting the optic nerve
and foveal centers (Fig. 1).27–30 Digital fundus photog-
raphy is well suited for objective torsional assessment
given its easy to use and accessible24,26,30; however,
processing of images manually is labor-intensive, time-
consuming, and prone to error.31

Deep learning methods may be useful in rapid
and automated screening for static ocular torsion.
In neuro-ophthalmology, deep learning models have
been used to detect papilledema32–34 and other optic
neuropathies.35 Successfully trained models require
large datasets to avoid overfitting.36 Access to fundus
images for research has become difficult, both because
pathologic fundus torsion datasets are sparse and
heightened concern for patient privacy, as fundus
photographs can be used for biometric identification.37
Three possible solutions to address model training
when data are scarce include (1) data augmentation
(introduce more variations),36 (2) transfer learning
(enhance training by using previously learned features
for a new task),38,39 and (3) synthetic image genera-
tion (increase dataset size).40–42 Using these strategies,
two deep learning-based static torsional classifiers to
differentiate the direction (intorsion versus extorsion)
and amount (physiologic versus pathologic) of static
ocular torsion from a small digital fundus image
dataset were developed.
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Methods

Data Source

Digital color fundus photographs of the right eye
(n = 276) from the Johns Hopkins Hospital (JHH)
collected between June 2020 and March 2022 were
used for training and evaluating 2 image classifiers.
All photographs were collected from routine clinic
patients presenting with vestibular and ocular motor
symptoms, and they were taken by the same techni-
cian using the same non-mydriatic fundus camera
(Zeiss Visucam 224) with a 45 degrees field-of-view.
We selected images based on the following criteria: (1)
fundus photograph of the right eye; (2) clear visual-
ization optic disc and fovea; and (3) photographs
showing an intact (uncropped) retina. All images had
a resolution of 1280 × 935 pixels. DFA values were
measured by one author (K.E.G.) using ImageJ.24
The DFA of each image is determined as shown
in Figure 1. The images were divided by a ratio of 8:1
into model development data (n = 245) and holdout
testing data (n = 31). The study was approved by
the Institutional Review Board (IRB). Our IRB was
approved for de-identified fundus images only, there-
fore patient demographics and diagnosis were not
available.

Data Preprocessing

The image acquisition process produces a
protruding notch at the corner of each photograph

(Fig. 2). During generation of synthetic images, the
notch rotates with respect to image rotation. To elimi-
nate potential bias, we developed a novel algorithm
to remove the artifactual notch before rotation. First,
each image was converted to grayscale and represented
as a matrix of different values (0 = black and 255 =
white). A black filter was then applied to detect the
margin of the retina – forming a square. Using the
center and the diagonal line of the square (diameter
of circle), a circular mask was then generated and
overlaid on the image to remove the notch.

Data Synthesis

Static torsional data was artificially synthesized
by first rotating preprocessed images (n = 245) by
its measured DFA – yielding images with DFA =
0 degrees; all rotated images retained their original
resolution We defined DFA >0 degrees as extorsion
and DFA <0 degrees as intorsion. Two torsional
datasets were synthesized: a binary (intorsion [IN] and
extorsion [EX]) and a multiclass (physiologic intor-
sion [PHYSIIN], pathologic intorsion [PATHOIN],
physiologic extorsion [PHYSIEX], and pathologic
extorsion [PATHOEX]).

Previous studies suggest a mean physiologic DFA
for extorsion of 7.76 degrees± 3.63 degrees in adults.43
To generate the 2 EX classes in the multiclass dataset,
we defined physiologic and pathologic DFA ranges as 1
degrees to 7 degrees and 8 degrees to 20 degrees, respec-
tively.24 We assumed similar ranges for IN (i.e. physio-
logic = −7 degrees to −1 degrees; and pathologic =

Figure 2. Overview of novel algorithm for fundus image notch removal.
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Figure 3. Predefined DFA range for each class. DFA, disc-fovea angle; IN, intorsion; EX, extorsion; PATHOEX, pathologic extorsion; PATHOIN,
pathologic intorsion; PHYSIEX, physiologic extorsion; PHYSIIN, physiologic intorsion.

Figure 4. Comparison of real versus synthetic torsional data for
right eye intorsion and extorsion examples.

−20 degrees to −8 degrees) because there are limited
studies reporting DFA ranges for intorsion44 (Fig. 3).
Preprocessed images were rotated by the defined DFAs
for all four classes (Figs. 4, 5). Specifically, physiologic
DFAs were rotated by an increment of 0.5 degrees, and
pathologic DFAs by an increment of 1 degree. This
resulted in 3185 images per class. To compile the binary
dataset, we assigned all images in the multiclass dataset
with DFAs <0 degrees to the IN class (n = 6370), and
those withDFAs>0 degrees to the EX class (n= 6370).
Both datasets were divided into training, validation,
and testing sets by a ratio of 5:1:1.

Model Architecture

ResNet has been reported as a state-of-the-art image
classification model that resolves gradient vanishing
and overfitting problems.45 Two classification models
were developed using the ResNet architecture and
adoption of transfer learning.38,39 We initially devel-

oped a binary classifier (model 1) using the binary
dataset (intorsion versus extorsion). The architec-
ture incorporates the ResNet50 model. This is a 50
layers deep convolutional neural network (CNN) with
ImageNet (a large dataset of 1000 generic object classes
and about 1.2 million color images) pretrained model
weights loaded from the Keras library.45 We removed
the last fully connected layers containing 1000 neurons
(corresponding to ImageNet object classes) from the
original model. Two additional layers with 128 and
2 neurons, respectively, were stacked to the modified
network – each neuron corresponding to the 2 distinct
classes (i.e. IN and EX).

As the model was pretrained using ImageNet,
preceding layers only extract universal features (e.g.
edges and curves). To avoid overfitting and reduce
training time, all but the last two layers were frozen;
model weights at frozen layers were not updated
during the training process. Softmax activation46 was
used in the last layer to normalize the values into a
probability distribution over predicted output classes,
as shown in Equation 1 (where y represents the
input vector from fully connected layer, exp() the
standard exponential function, and n the number of
classes).

sof tmax(y)i = exp (yi)∑n
j exp (yi)

(1)

The multiclass classifier (model 2) used the multi-
class dataset to classify images into physiologic and
pathologic DFA ranges for both intorsion and extor-
tion. The architecture was identical to model 1’s except
for the output layer where the number of neurons was
increased to 4 – corresponding to the 4 output classes
(PATHOIN, PHYSIIN, PHYSIEX, and PATHOEX).

Model Training

Model 1 was trained for 20 epochs (the number
of complete iterations the algorithm makes through
the training dataset) on 9100 images and validated
on 1820 images (see Fig. 5). Model 2 was trained
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Figure 5. Pipeline for data preparation and model development. Preprocessing stage: The JHH dataset was split into a holdout testing
and model development datasets. Each photograph had the notch removed and DFA set at 0 degrees using rotation. Data synthesis stage:
Synthetic torsion photographs were generated using different predefined DFA ranges. Model development stage: The dataset was further
divided for the training, validation, and testing of both binary andmulticlass classifiers. JHH, Johns Hopkins Hospital; DFA, disc-fovea angle;
IN, intorsion; EX, extorsion; PATHOEX, pathologic extorsion; PATHOIN, pathologic intorsion; PHYSIEX, physiologic extorsion; PHYSIIN, physi-
ologic intorsion; model 1, binary classifier; model 2, multiclass classifier.

and validated using 2275 images per class (total =
9100) and 455 images per class (total = 1820), respec-
tively. The categorical cross-entropy loss function (CE
Loss)46 was used for bothmodels to quantify the differ-

ence between probability distributions of predicted
probabilities and ground-truth labels, as explained
in Equation 2 (where n, yi and ŷi represents the number
of classes, corresponding true label [0 or 1 for the
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current class], and probability for the current class from
the model output).

CE Loss = −
n∑

i = 1

yilogŷi (2)

We adopted Adam optimization,37 an extended
version of the stochastic gradient descent algorithm
with better computational efficiency, for model weights
decay with the default learning rate of 0.001.

Model Evaluation

Both models were evaluated on synthetic testing
data (n = 1820) with equal class representations. We
then externally validated the models on the holdout
testing set (n = 31: PATHOEX = 10; PATHOIN = 2;
PHYSIEX = 11; and PHYSIIN = 8). The class associ-
ated with the maximum probability after the softmax
activation layer was defined as the predicted class.
Predicted results were then compared with ground-
truth class labels.We calculated themodel performance
metrics, including the overall classification accuracy,
precision, sensitivity, specificity, and F1 score. All the
overall values except for accuracy were calculated based
on the macro-average metric for each class (i.e. the
sum of class-specific values divided by the number of
classes). The overall accuracy was calculated as the
number of correctly classified images divided by the
total number of images. The receiver operating charac-

teristic curves for each class were plotted along with the
corresponding area under the curve (AUC) values.

Gradient-Weighted Class ActivationMapping

To interpret the deep-learning model and better
understand its predictions, we generated heatmaps
to show important regions at different convolutional
layers for each image according to gradient-weighted
class activation mapping (Grad-CAM).44 Grad-CAM
uses the gradients of a certain target class to gener-
ate heatmaps highlighting important regions for the
predicted class. The heatmaps are then resized and
overlaid on the original image; warmer colors repre-
sent regions with the greatest contribution to a class
prediction.

Results

JHH Dataset

In the JHH dataset, DFAs ranged from −25.2
degrees to 19.8 degrees (Fig. 6A), with a mean and
median of 5.29 degrees and 5.30 degrees, respectively.
Extorsion represented 89.1% (n = 246), whereas only
3.62% (n = 10) of the images were intorsion; the
remaining 7.25% (n = 20) had no measurable torsion
(DFA = 0 degrees). For the holdout testing test (n =
31), the DFA ranged from −11 degrees to 20 degrees

Figure 6. DFA Distribution of (A) JHH Dataset (excluding DFA = −25.3 degrees) and (B) holdout testing set. DFA, disc-fovea angle; JHH,
Johns Hopkins Hospital.
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Table. Classification Performance of Both Models on The Different Testing Datasets (Synthetic and Holdout).
AUROC: Area Under the Receiver Operating Characteristic Curve

Model 1 (Binary Classifier): Tested on Synthetic Testing Set

Class Sensitivity Specificity Precision F1 Score AUROC No. of Images

EX 0.92 0.97 0.93 0.92 0.98 910
IN 0.93 0.96 0.92 0.92 0.98 910
Overall 0.93 0.97 0.93 0.92 0.98 1820
Overall accuracy 0.92

Model 1 (Binary Classifier): Tested on Holdout Testing Set

Class Sensitivity Specificity Precision F1 Score AUROC No. of images
EX 0.90 1.00 1.00 0.95 1.00 21
IN 1.00 0.94 0.83 0.91 1.00 10
Overall 0.95 0.97 0.92 0.93 1.00 31
Overall accuracy 0.94

Model 2 (Multiclass Classifier): Tested on Synthetic Testing Set

Class Sensitivity Specificity Precision F1 Score AUROC No. of images
PATHOEX 0.74 0.99 0.94 0.83 0.98 455
PATHOIN 0.79 0.98 0.90 0.84 0.97 455
PHYSIEX 0.73 0.91 0.67 0.70 0.91 455
PHYSIIN 0.82 0.90 0.65 0.72 0.92 455
Overall 0.77 0.95 0.79 0.77 0.94 1820
Overall accuracy 0.77

Model 2 (Multiclass Classifier): Tested on Holdout Testing Set

Class Sensitivity Specificity Precision F1 Score AUROC No. of images
PATHOEX 0.70 0.82 0.54 0.61 0.86 10
PATHOIN 1.00 0.74 0.15 0.27 0.79 2
PHYSIEX 0.09 0.91 0.33 0.14 0.70 11
PHYSIIN 0.00 0.92 0.00 0.00 0.18 8
Overall 0.45 0.85 0.26 0.26 0.65 31
Overall accuracy 0.32

(Fig. 6B). The intorsion class (n = 10) represented
32.2% of the total holdout testing set (PATHOIN =
2 and PHYSIIN = 8), whereas extorsion (n = 21)
accounted for the remaining 78.8% (PATHOEX = 10;
PHYSIEX = 11).

Model Performance

Key performance metrics are summarized in
the Table and Figures 7 and 8. Model 1 achieved
excellent classification performance with balanced
sensitivity and specificity on the synthetic testing set
and comparable performance on holdout testing set,
demonstrating generalizability. Model 2 achieved high
specificities and area under the receiver operating
characteristic curve (AUROC; 0.94) but relatively
lower sensitivities on all classes when tested on the

synthetic dataset. Low sensitivity and precision were
observed when we tested Model 2 on the holdout data,
indicating poor generalizability.

As shown in Figure 9, both models demon-
strated high classification accuracy at large DFAs.
Lower classification accuracies were observed at DFAs
close to its adjacent classes (i.e. DFA between 1
degree and −1 degree for model 1, and between
−8 degrees and 8 degrees for model 2), indicating
relatively weak classification performance at smaller
DFAs.

Class Activation Mapping

Class activation mapping analysis showed a gradual
shift in the activation loci with increased convolu-
tional layer depth (Fig. 10). The first few convolutional
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Figure 7. Receiver operating characteristic (ROC) curves showing the classification performance for (A) model 1, and (B) model 2 on the
synthetic testing set. IN, intorsion; EX, extorsion; PATHOEX, pathologic extorsion; PATHOIN, pathologic intorsion; PHYSIEX, physiologic extor-
sion; PHYSIIN, physiologic intorsion.

Figure 8. Confusion matrices showing the classification results for (A) model 1, and (B) model 2 on synthetic testing sets. IN, intorsion; EX,
extorsion; PATHOEX, pathologic extorsion; PATHOIN, pathologic intorsion; PHYSIEX, physiologic extorsion; PHYSIIN, physiologic intorsion.

Figure 9. Classification accuracy of both models at different DFAs when tested on synthetic data. DFA, disc-fovea angle.
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Figure 10. Original image (top left) and class activation mappings at different convolutional layers (from shallow to deep convolutional
layers) for an example image labeled as physiologic intorsion. Shallow layers showing low-level feature importance such as edges, and
deeper convolutional layers showing high-level feature importance (e.g. fovea and optic nerve).

layers capture local features (e.g. edges and repeti-
tive patterns) followed by large blood vessels in the
next few layers. Ensuing layers showed activation in
the optic disc and the fovea. The final layers had simul-
taneous activation in the optic disc, fovea, and retinal
region in between. This is analogous to the attention
of human experts while assessing DFAs in fundus
photographs.

Analysis Model 2’s Misclassification

Analysis of model 2’s misclassifications (false
positives and negatives), as shown in Figure 11, reveals
that the model failed mostly when images had DFAs
close to the upper and lower limits of the physiologic
and pathologic ranges for all four classes (normal or
pathological, intorsion, or extorsion).

Discussion

Evaluation of torsional eye movements is clini-
cally valuable to differentiate between central and
peripheral pathologies that can affect alignment such
as in patients with skew deviation or SOP. In the
clinical setting, fundus imaging is a reliable method
for objective measurement of ocular torsion using
the macula and optic disk as the major anatomi-
cal landmarks. Currently, such evaluation must be

performed manually on the fundus photograph and
automated methods are not available to improve
screening for pathologies that can affect ocular align-
ment in each eye. Such automated methods can be
clinically valuable to improve diagnosis and aid clini-
cians who are not trained in their specialty to detect
ocular motor abnormalities. Similar approaches with
using machine learning have been shown to be valuable
clinically in the field of neuro-ophthalmology.32–35

Here, we developed a binary classifier (differentiates
intorsion from extorsion), and a multiclass classifier
(characterizes torsion in pathologic and physiologic
DFA ranges) with deep learning using only synthetic
images generated from a small dataset (n= 245). In our
study, model 1 produced robust, reproducible results
(see the Table) that would make it suitable for clini-
cal practice as a screening tool for distinguishing skew
deviations from fourth nerve palsies. It can also help
localize lesions to the vestibulo-ocular pathways in
patients with acute vertigo without clear skew devia-
tion but possessing other features of an OTR (partial
OTR). Our multiclass classifier had a lower sensitivity
and poor generalization compared to the binary classi-
fier. Given the high false positive rate, model 2 might
be less helpful in screening patients with acute vertigo
and vertical diplopia.

Studies quantifying the DFA in vertical strabismus
have mainly involved patients with superior oblique
palsies, and the physiologic and pathologic ranges often
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Figure 11. Model 2’s misclassification DFA distributions for (A) physiologic intorsion, (B) pathologic intorsion, (C) physiologic extorsion,
and (D) pathologic extorsion. DFA, disc-fovea angle; FP, false positive; FN, false negative.

overlapped.24,47,48 Additionally, changes in vergence,
and the position of the eye relative to head, known to
influence the degree of torsion,49 were not accounted
for during fundus photography. Tight control of the
position of the eye in the orbit during fundus photog-
raphy might create a better distinction between physi-
ologic and pathologic ranges of the DFA. Further-
more, data on the ranges of the DFA in patients with
abnormal static torsion have not been correlated with
the degree of vertical misalignments. Therefore, differ-
entiating physiologic from pathologic static torsion
using current ranges of DFA is not useful clinically for
distinguishing skews from SOPs in the setting of acute
vertigo or vertical diplopia. More real-world data are
needed to establish better ranges of what is normal for
machine learning diagnosis.

When training small datasets, artificial data synthe-
sis and transfer learning are necessary. With advances
in generative adversarial network (GAN)-basedmodels
in artificial intelligence (AI) research, synthetic data is
increasingly used to overcome the scarcity of annotated
medical datasets.40–42,50 For the detection of static
ocular torsion from fundus photographs, the use of
synthetic images seems appropriate given the limited
datasets available containing the desired pathologies
(i.e. SOP and skew deviation). Furthermore, there is
evidence that synthetic images augment the perfor-
mance of medical image analysis using machine learn-
ing methods.40

For this study, the models were only required to
detect the position of the optic disc relative to the fovea.
Therefore, only basic image processing techniques
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(image rotation) were used to generate the synthetic
data, and no other fundus heterogeneity was added.
The synthetic data and image processing technique
was reviewed by the authors to accurately mimic
real fundus images and torsion from human subjects.
Therefore, given the robust performance of model 1
(see the Table, Figs. 7, 8) and its generalizability on
nonsynthetic data, we conclude that the generated
photographs were comparable to real fundus torsion
(see Fig. 4). Future synthetic fundus datasets for study-
ing other retinal and optic nerve pathologies will
require more fundus heterogeneity, and thus GAN-
based synthetic images might be a next step to test
models that detect torsion.51,52

The training of CNNs involves parallel computa-
tion and a massive number of floating-point opera-
tions, such as matrix and vector operations.46 Such
computing patterns are suitable for graphics process-
ing units (GPUs). As such, GPUs are more preferred
than central processing units (CPU) for the train-
ing of CNN.53 Because fundus photographs contain
biometric features, we conducted all the experiments
in an internal computing platform which does not
support GPU nodes to maintain data integrity. There-
fore, to accelerate the training process, transfer learn-
ing was used to tune the model weights in the last
two layers. Transfer learning increases the efficiency of
training models by only training network weights in a
few selected layers.38 This technique facilitates model
training within a reasonable timeframe (approximately
400 seconds per training epoch in our case) by using
less computational power – making it an efficient and
effective approach.

The model is considered “robust” if it generalizes
well on external datasets. Generalizability refers to the
model’s capacity at replicating results on unseen data.
In most cases, the training and real-world data are
different, and not identically distributed. This leads to a
distribution shift problem, which often causes the poor
generalizability of machine/deep learning models.54 In
our study, we created a holdout testing set to evaluate
the generalizability of our model (trained on synthetic
data) on real static ocular torsional data. When tested
on the holdout testing sets, model 1 generalized well to
real data, whereas model 2 did not (see the Table).

The multiclass classifier (model 2) did not gener-
alize well, probably for several reasons. First, our
holdout testing set only contained 31 images, with
only 10 images from the intorsion classes (PATHOIN
= 2 and PHYSIIN = 8). A larger and less skewed
holdout testing set with more examples from each
class would be better. Second, we used relatively simple
image processing techniques (image rotation and
notch removal) to generate synthetic images. Unlike

synthetic data generated using generative models, in
which several features of the source images are gener-
ated,41,42,51,52 only artificial ocular torsion was intro-
duced to our dataset. Therefore, there could still be
flaws in the data synthesis pipeline causing small differ-
ences between synthetic and real data, even though the
synthetic and real images seemed identical (see Fig. 4);
making it difficult to accurately explain the predictions
by the model.

Deep learning is a powerful tool for image classifi-
cation, yet knowing “why” it makes its predictions is
often unknown. We applied Grad-CAM to our model
to better understand its predictions with the idea that
deeper convolutional layers carry more deterministic
spatial information for model prediction.44 The Grad-
CAM output from our model (see Fig. 10) demon-
strated that the predictions are based on the spatial
information of the optic disc, the fovea, and the area
in between. This indicates that the model’s spatial focus
aligns with clinical expectations, suggesting its predic-
tions are trustworthy. One caveat, however, is that the
class activation maps were occasionally less reliable.
In addition, our method of generating synthetic
images may have biased the model into detecting only
changes in fundus torsion because most of the other
fundus features were relatively homogenous. As such,
future work should introduce other differences in the
synthetic images (e.g. hemorrhage, disc edema, retinal
ischemia, lens opacities, etc.) to determine whether
other factors influence the ability of themodel to detect
torsion.

Limitations

Since skew deviation and SOP fundus datasets are
rare, we generated synthetic fundus torsional images
to train our models. Although our model performed
well on synthetic datasets, it has some limitations. First,
model 2 does not generalize well on real data; classifi-
cation was less accurate with the holdout testing set.
Second, we did not address torsion for the left eye or
both eyes; however, others have successfully developed
models that distinguished between images from the left
and right eyes.35,39,55 Automated screening for skews
and fourth nerve palsies will be most useful when the
fundi of both eyes are assessed and compared. Third,
our holdout testing set was relatively small and not
balanced for all classes (more extorsions than intor-
sions). Finally, we have not verified the model perfor-
mance using other physiologic and pathologic datasets
from other institutions. Differences among datasets,
such as how images were acquired, the resolution of
images, and the characteristics of patients, might affect
the generalizability of the model.
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Conclusion

With data synthesis and transfer learning, different
types and degrees of ocular torsion can be detected
from fundus photographs using deep learning. Our
model has promising clinical applicability, although
some limitations still exist. In the future, model perfor-
mance can be further improved when greater and
more diverse datasets become available for training and
evaluation. Future models can be adopted to (1) aid
in the automated diagnosis of acute vertigo or vertical
diplopia without many modifications, and (2) monitor
treatment responses in neuro-ophthalmic, strabismic,
and neuro-vestibular diseases.
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