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KEYWORDS Summary

Thyroid cartilage; Purpose: The purpose of this study was to evaluate the performance of a deep learning
Artificial intelligence algorithm in detecting abnormalities of thyroid cartilage from computed tomography (CT)
(Al); examination.

Deep learning; Materials and methods: A database of 515 harmonized thyroid CT examinations was used, of
Post-mortem which information regarding cartilage abnormality was provided for 326. The process consisted
computed of determining image abnormality and, from these preprocessed images, finding the best learn-
tomography (CT); ing algorithm to appropriately characterize thyroid cartilage as normal or abnormal. CT images
Larynx were cropped to be centered around the cartilage in order to focus on the relevant area.

New images were generated from the originals by applying simple transformations in order to
augment the database. Characterizations of cartilage abnormalities were made using transfer
learning, by using the architecture of a pre-trained neural network called VGG16 and adapting
the final layers to a binary classification problem.

Results: The best algorithm yielded an area under the receiving operator characteristic curve
(AUC) of 0.72 on a sample of 82 thyroid test images. The sensitivity and specificity of the
abnormality detection were 83% and 64% at the best threshold, respectively. Applying the model
on another independent sample of 189 new thyroid images resulted in an AUC of 0.70.
Conclusion: This study demonstrates the feasibility of using a deep learning-based abnormal-
ity detection system to evaluate thyroid cartilage from CT examinations. However, although
promising results, the model is not yet able to match an expert’s diagnosis.
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The detection of thyroid cartilage invasion is important
for choosing the appropriate care for laryngeal and hypopha-
ryngeal cancers. In early stage lesions with no cartilage
invasion, preserving the larynx is a primary goal. In disease
with focal cartilage invasion, function-preserving partial
laryngectomy or chemoradiotherapy has been introduced.
An advanced stage lesion with apparent cartilage invasion
may require total laryngectomy. The presence of neoplastic
cartilage invasion may also affect the response to radiation
therapy, leading to a higher rate of tumor recurrence [1—4].
Another application for thyroid cartilage determination is
in forensic imaging. In cases of hanging, the type of thy-
roid cartilage fracture depends on the completeness of body
suspension and ligature knot location [5—7].

The best technique to evaluate thyroid cartilage is still a
matter of debate but computed tomography (CT) is consid-
ered the most effective imaging tool [3,8]. CT demonstrates
erosions and sclerotic changes indicative of tumor invasion.
However, due to its complex three-dimensional shape and its
numerous normal variants, thyroid cartilage requires a long
and thorough analysis by experienced imaging specialists
[9—13].

Radiology has been marked in recent years by a rise
in artificial intelligence (Al), a problem-solving approach
involving the use of highly complex methods to replicate
specific cognitive functions based on computer technolo-
gies and algorithmic techniques [14,15]. Al using deep
learning techniques, such as convolutional neural networks,
has received extensive attention after demonstrations
that it could perform at least as well as humans in
imaging-classification tasks [16,17]. Al might also provide a
comprehensive and clear analysis of thyroid cartilage, which
could help radiologists evaluating it.

The purpose of this study was to evaluate the per-
formance of a deep learning algorithm in detecting
abnormalities of thyroid cartilage from CT examination.

Materials and methods
Context

Data analysis took place during the Data Challenge organized
during the 2018 JFR (" ‘Journées Francaises de Radiologie’’).
Various subjects were proposed, but the authors opted to
participate in the challenge using the detection of abnormal
thyroid cartilages from CT data. The model presented here
had the highest performance of all participants in predict-
ing thyroid cartilage abnormality on an independent testing
dataset. This paper addresses the deep learning algorithm
methodology used in order to achieve classification of thy-
roid cartilages.

Database characteristics

The database contained 515 images of CT examinations
of the thyroid, as well as a CSV file containing a label
associated with each image (normal or abnormal cartilage).
Gathered from 35 different radiology services across France,
one horizontal cut was available for each patient; and all
the examinations were harmonized as much as possible.
During the entire challenge, only 326 of the 515 images were

available to the various teams. The 189 remaining images
have never been shared with the participants and were
used by the organizers to independently evaluate the
models developed. Among the 326 images, 30 contained
abnormal thyroid cartilages (9.2%). Image files were in
NIfTI format, had been resampled to have 1 mm pixels, and
were recentered to all be the same size. The data were
anonymized such that no clinical information regarding the
population was available. The precise characterization of
the origin of the lesions was thus impossible on CT exam-
inations; as mentioned above, abnormalities arise from
tumoral invasion, inflammation of autoimmune diseases, or
fractures due to trauma.

Image processing

To focus on the most important parts of the images and feed
relevant data to the algorithm, the images were centered
around the cartilages using fixed coordinates (all the images
were centered similarly). Three hundred twenty-six images
were given as an initial database. They were divided into
training and test sets containing 244 and 82 images, respec-
tively, and transformed to JPEG format. The training set
contained 24 abnormal cartilages, and the test set contained
6 to respect the initial proportions. Thus, the algorithm
learned on a sample of the data; and its performance could
be tested on images it had never seen, reducing possible
overfitting. The model could then be evaluated before being
submitted for final results. Since 244 is a very low number of
images to train a deep learning algorithm, they were used
to generate new ones and improve the performance and
robustness of the model. Six new images were generated
for every image in the training sample by applying various
transformations on the original images, including rotations
and translations (Fig. 1). These could then be fed to the algo-
rithm to trick it into believing it is seeing new data, making
it more robust in handling new types of images. Our final
training sample contained 1,708 images. During the final
evaluation, the various teams’ models were then evaluated
on 189 new images.

Image classification

The detection of abnormality in the thyroid cartilage was
achieved using transfer learning from a pre-trained convo-
lutional neural network (CNN) algorithm devoted to image
classification. Since those algorithms are extremely expen-
sive to train from scratch in terms of computational power
and size of the dataset, transfer learning enables expansion
of the algorithm for specific use on a small dataset. It starts
with a CNN model using pre-trained weights and retrain-
ing it with the CT scans of thyroids and the appropriate
classification (normal/abnormal).

The original model used in this work was the Visual Geom-
etry Group 16 (VGG16), developed at Oxford University in
2015, which has been trained and evaluated on the Ima-
geNet collection and composed of everyday-object pictures
[18,19]. This model converts an input image into the prob-
ability of belonging to a class of the ImageNet categories.
An image is scanned through several filters (convolutional
layers), which detect the essence of each category, in order
to extract the relevant features for the final classification.
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Figure 1.

The preference for VGG16 was a compromise between high-
performance level for image classification tasks and a light
structure in comparison to more recent CNN architectures,
such as Inception V3 or ResNet-50 [20,21].

Whereas CT images of thyroid cartilages are different
from the ImageNet dataset, CNN architectures such as
VGG16 are able to extract the main features and shapes of
a picture, whatever the content. The first layers are more
generic and can be kept as-is, while deep layer weights must
be retrained in order to achieve a good classification of nor-
mal/abnormal thyroid cartilage. In the present case, those
deep layers are expected to extract the features that focus
on cartilage shape and abnormalities once the retraining is
achieved.

The VGG16 model is composed of five blocks, which
combine two-dimensional (2D) convolutions, 2D pooling,
and max-padding layers, finishing with a dense layer that
operates the final classification through 1000 different cate-
gories proposed by the ImageNet dataset [18,19]. Thanks to
its simplicity, the VGG16 model is well-adapted for transfer
learning for a small dataset, with a relatively reasonable
number of trainable parameters (approximately 14 mil-
lion). To achieve the binary classification (normal/abnormal

Diagram shows image processing and classification workflow.

thyroid cartilage), the final dense layers of VGG16, designed
for 1000 categories, are removed and replaced with a 2D
global average pooling followed by two fully connected
layers with random initialization. This final architecture
was chosen in order to slowly reduce the high-dimensional
space of the last convolutional layer (7 x 7 x 512) to a 2D
binary classification space (Fig. 2).

To train the model, the last two convolutional blocks and
the dense layers were trained, whereas the parameters of
the first three convolutional blocks were fixed to the original
weights of the VGG16 model [19]. This allowed to keep the
more generic features of the VGG16 model included in the
first layers and adapt the model to the CT images through a
limited number of trainable parameters (Fig. 2).

The framework has been implemented using Python 3.6.
The loading of NIfTl images and the preprocessing have
been done using the libraries Nibabel (version 2.3.0), Numpy
(1.15.2) and openCV (version 3.4.3.18). The deep learning
part was built with the Keras package (version 1.0.6) using
TensorFlow in back end (version 1.11.0). For the CNN train-
ing, a stochastic gradient descent was used as an optimizer
(learning rate =0.01 and momentum =0.9). All computations
were carried out on a personal computer with a 2.2 GHz Intel
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Figure 2. Diagram shows the tuned VGG16 model used in this
study. Grey parallelepipedic blocks represent the image tensor,
starting with dimensions 224 x 224 x 3 (224 pixels wide and three
colors) and ending at 7 x 7 x 512 at the end of the VGG16 convolu-
tional neural network. These layers start from the weight trained
from ImageNet. Only the last two blocks (#4 and #5) were trainable.
Black dots represent the final layers, adapted for a binary classifier
by adding two dense layers at the end of the model. These layers
are randomly initialized and trainable.

Core i7. The time required for an epoch was between 5 and
8 minutes, and about 8 epochs were enough to reach the
final score evaluated on the test dataset.

Statistical analysis

Performances of the model were evaluated using receiving
operator characteristic (ROC) curve, which highlights the
prediction ability of a binary classifier. The ROC curve rep-
resents the true positive rate (TPR), or the sensitivity, as a
function of the false-positive rate (FPR), which is equiva-
lent to 1 — specificity. These rates were computed from the
probability of being abnormal, predicted for each image,
and their true label. The area under the ROC curve (AUC)
indicates the quality of the prediction.
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Figure 3.  Graph shows ROC deduced from the model applied on
the 82 images of the test dataset (76 negative and 6 positive labels).
The optimal value (according to the maximum value of the Youden
index, illustrated by the continuous grey vertical line) of the sensi-
tivity and specificity are 83% and 64%, respectively. The dashed line
represents the ROC curve of a pure random model. The value of the
area under the ROC curve (AUC) is 0.72.

Results

Fig. 3 shows the ROC curve of the model presented in this
work applied on the 82 images (76 normal and 6 abnormal
thyroid) of the test dataset. Those images were independent
from the training dataset and, therefore, were never seen
by the CNN architecture. Deduced from this ROC curve, the
AUC value was 0.72 while the optimal value of the specificity
and the sensitivity were 64% and 83%, respectively, as per
the Youden index [22].

Despite the low volume of the test dataset and therefore
the complexity of obtaining accurate statistics, a similar
AUC value was recovered independently on the dataset
kept by the challenge organizers, which was not shared
to the participants. Indeed, applying the model on those
189 new thyroid images resulted in an AUC score of 0.70,
demonstrating the reliability of the results. As the precise
scores associated with the validation images were not com-
municated, it was not possible to compute sensitivity and
specificity for this dataset.

A comparison of the classification predicted by the algo-
rithm and the true state of four cartilage images is presented
in Fig. 4.

Discussion

In this study, the performance of a deep learning algorithm
to detect the abnormality of a thyroid cartilage from CT
examination was reflected by a 0.72 AUC score, and sensi-
tivity and specificity of 83% and 64%, respectively.

Thyroid cartilage is a hyaline cartilage structure, which
forms the bulk of the front wall of the larynx. It is com-
prised of a left and a right lamina converging anteriorly,
the lower two thirds of which fuse in the midline, consti-
tuting the laryngeal prominence. Immediately above it, the
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Panel shows the four possibilities for a classifier: a: abnormal cartilage predicted as abnormal (true-positive); b: normal cartilage

predicted as abnormal (false-positive); c: abnormal cartilage predicted as normal (false-negative), and d: normal cartilage predicted as
normal (true-negative). Figures a and d represent correct classifications, while figures b and c represent misclassification. Partial-volume
effect due to the complex shape of the cartilage as well as variation in cartilage ossification might explain the false-positive and false-
negative results. More precisely, in figure b, the algorithm may have been fooled by the natural asymmetry of an ossification. The difficulty
to propose a diagnostic, even for a radiologist, may explain the algorithm misclassification in figure c.

laminae are separated by a V-shaped notch; the superior
thyroid notch. The laminae are irregularly quadrilateral in
shape, and their posterior angles are prolonged into pro-
cesses termed the superior and inferior cornua or horns.
Calcification and ossification of laryngeal cartilage are part
of the normal aging process and are usually detected after
the second decade of life [6,9]. Ossification usually starts
after age 20 at the posteroinferior aspect of the laminae
and inferior cornua, and spreads upward and anteriorly. It
is unusual to see isolated superior laminae or superior cor-
nua ossification. Normal variants include agenesis of the
thyroid horns, presence of a triticeal cartilage, ectopic
horns, lateral thyrohyoid ossification, and terminal segmen-
tation of the thyroid horns [9,12]. The complex shape of the
thyroid cartilage, the variation in ossification, and the pres-
ence of normal variants make the imaging evaluation of the
structure quite difficult for radiologists. The same problem
applies to deep learning algorithms, which can have difficul-
ties identifying clear features from one image to another.
The best imaging technique for the evaluation of thyroid
cartilage is a matter of debate. CT is considered to have low
sensitivity and high specificity for assessing cartilage inva-
sion, whereas magnetic resonance imaging (MRI) has high

sensitivity but lower specificity [3,23,24]. In our study, the
performance of a deep learning algorithm to detect the
abnormality of a thyroid cartilage from a CT scan exami-
nation was not leveling up to the expertise of a radiologist.
Becker et al. reported that the selection of appropriate diag-
nostic criteria of neoplastic invasion of laryngeal cartilage
could lead to a sensitivity of 91% with a specificity of 68%
or an overall specificity of 79% associated with a sensitivity
of 82% [25]. A systematic review of CT detection of carti-
lage invasion in laryngeal carcinoma found that CT imaging
is a suitable tool to assess laryngeal cartilage invasion [23].
Dhoot et al. evaluated thyroid cartilage invasion by cancer
and found the detection rate of CT was 98%. CT achieved a
sensitivity of 91% and a specificity of 75% [3].

The characteristics of the VGG16 model might explain
the differences between the performances of a deep learn-
ing algorithm and the radiologist to detect the abnormality
of a thyroid cartilage from CT examination. The methodolog-
ical bases of this study could also explain some differences
in performance. Of note, when reading a case, the radiolo-
gist has at his disposal all the native images of the larynx as
well as the multiplanar reconstructions with both the soft
tissue and bone windows, which allow the depiction of the
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tumor and are, therefore, mandatory for thyroid cartilage
analysis. Indeed, in most situations, cartilage invasion is vis-
ible in contact with the tumor [25]. In our study, only one
axial image with bone windowing was available so that key
information was lacking. Using multiplanar reconstruction
of the cartilage could improve the performance by provid-
ing more information. A study has recently shown the use
of three-dimensional images of knee MRIs for the detection
of abnormalities [26]. However, this approach requires huge
computational power and resources.

In our study, the database used to train and test the
model was restrained and harmonized, and the variety of
the sources was unknown. This means that the model’s
capacity to generalize is difficult to estimate, and it might
behave very erratically on completely independent data.
The algorithm should also be tested on post-mortem CT
examinations performed for medicolegal purposes. Indeed,
in forensic sciences, the evaluation of thyroid cartilage is
of great importance in determining the cause of death.
Despite its limitation, our model has the potential to be
greatly improved, for example, through image segmenta-
tion to locate the cartilage on the images. This would allow
the algorithm to focus on the relevant features to detect
an abnormality. Nonetheless, it would require a significant
amount of work to label the data and create a segmen-
tation system based on shapes or intensity, which would
then need to be evaluated. Image processing could also be
used to improve image quality (e.g., increase contrast) and
therefore improve classification results. Another potential
improvement to the model would be to have access to a
bigger dataset: at least 1000 images would be much more
effective for the model training, by feeding the neural net-
work with a wider type of images. Other neural network
structures could also be tested, notably Inception V3 or
ResNet-50 [20,21], which have achieved higher performance
on the ImageNet classification. However, those models are
more complex with an important number of parameters
(more than 25 million); therefore, developing such models
makes more sense with larger databases.

The algorithm is not yet able to be autonomous or match
a professional’s evaluation, but could act as a facilitator
for radiologists presented with obvious diagnoses, allowing
them to focus on more difficult cases. As opposed to replac-
ing the radiologists, deep learning can become a tool for
medical professionals to improve productivity and decrease
workload and mistakes. The goal is a system whereby deci-
sions can be utilized but are consistently evaluated and
checked by the medical expert to make it progressively more
efficient. This can be done through the growing collabo-
ration between data scientists and radiologists, which has
become more prevalent in many hospitals and is the basis of
this project.

In conclusion, this project demonstrates the feasibility
of using a deep learning algorithm to assist radiologists in
detecting abnormal thyroid cartilages from CT examinations
due, for instance, to tumoral invasion or traumas in the case
of forensic science. Although the results presented show real
potential, it is clear that the model is not yet as effec-
tive as a radiologist. This is a consequence of the small
dataset used for training the model, and is partly due to
the complex shape of the thyroid cartilage resulting in very
disparate CT images. To be used in clinical practice, the

algorithm needs more data and improvement. This can be
accomplished through a collaboration between data scien-
tists and radiologists who understand its deficiencies and aim
to make the algorithm more effective.
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