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Abstract: Convolutional neural network (CNN) models were devised and evaluated to classify in-
frared thermal (IRT) images of pediatric wrist fractures. The images were recorded from 19 partici-
pants with a wrist fracture and 21 without a fracture (sprain). The injury diagnosis was by X-ray 
radiography. For each participant, 299 IRT images of their wrists were recorded. These generated 
11,960 images (40 participants × 299 images). For each image, the wrist region of interest (ROI) was 
selected and fast Fourier transformed (FFT) to obtain a magnitude frequency spectrum. The spec-
trum was resized to 100 × 100 pixels from its center as this region represented the main frequency 
components. Image augmentations of rotation, translation and shearing were applied to the 11,960 
magnitude frequency spectra to assist with the CNN generalization during training. The CNN had 
34 layers associated with convolution, batch normalization, rectified linear unit, maximum pooling 
and SoftMax and classification. The ratio of images for the training and test was 70:30, respectively. 
The effects of augmentation and dropout on CNN performance were explored. Wrist fracture iden-
tification sensitivity and accuracy of 88% and 76%, respectively, were achieved. The CNN model 
was able to identify wrist fractures; however, a larger sample size would improve accuracy. 

Keywords: convolutional neural network; deep learning; medical infrared imaging and  
classification; bone fracture identification 
 

1. Introduction 
Children may sustain wrist fractures from a range of injury mechanisms. They are 

more at risk of harm from X-ray radiation than adults [1]. Around 50% of X-ray radio-
graphs obtained to diagnose wrist fractures do not show a fracture. In addition, serial X-
rays are often obtained to identify healing fractures where they are not visible initially. 
Therefore, a harmless, easy-to-use and cost-effective means of identifying wrist fractures 
at the index presentation could reduce the number of unnecessary X-rays. 

Interests in the medical diagnostic and monitoring applications of infrared (IR) ther-
mal (IRT) imaging have grown in recent years, as infrared sensors and image processing 
techniques have improved significantly. A modern IRT camera produces images by accu-
rately measuring the heat emanating from objects in the form of IR [2]. A feature of IRT 
imaging is its noncontact nature, allowing measurements without disturbance to the in-
dividual or risk of contamination [3]. IRT imaging has proved effective in biological ap-
plications [3] and the identification of pediatric bone fractures [1,4]. An analysis of IRT 
images demonstrated a statistically significant temperature difference between the frac-
tured wrists and their contralateral (uninjured) wrists caused by the changes in the blood 
flow at the injury site [1]. The purpose of this study was to develop a deep learning (DL) 
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CNN to differentiate between wrists with a fracture and wrists without a fracture, i.e., 
wrists with a sprain. 

1.1. Deep Learning 
Deep Learning (DL) can identify the distinguishing features of images for their dif-

ferentiation by using multiple layers of non-linear transformations called hidden layers. 
DL performs its feature extraction operation in an automated manner compared with pre-
processing methods such as principal component analysis that perform dimensionality 
reduction [5]. It learns by simulating the neurons in the human brain to process substantial 
volumes of data [6]. There have been extensive developments in deep learning in recent 
years with applications such as computer vision, natural language processing and speech 
recognition [7]. DL has emerged from the conventional artificial neural network concept, 
but it can considerably outperform earlier models by accurately analyzing large complex 
information. DL approaches can be classified by the manner in which they learn as being 
supervised, unsupervised or partially supervised [8]. They can also be classified by the 
type of network as being recursive neural networks, recurrent neural networks, and con-
volutional neural networks (CNNs) [8]. DL algorithms have been used increasingly for 
classification tasks that include image recognition. This is due to the non-linear complex-
ities that some image classifications can pose and the multilayered adaptivity of DL to 
handle these types of classifications. The initial layers are unsupervised in nature, allow-
ing the DL architecture to learn the image features, with the final layers being more su-
pervised to help with the classification process [9]. 

Feature extraction has traditionally been dependent on prior knowledge of the mod-
eler with the use of statistical techniques [10]. However, these require judgment of the 
suitability and effectiveness of differentiating features [9]. 

1.2. Convolutional Neural Network and Data Augmentation 
The convolutional neural network (CNN, Figure 1) is a type of DL for image pro-

cessing that avoids manual feature extraction [11]. 

 
Figure 1. A typical convolutional neural network. 

Using the ImageNet datasets, which are widely used in industry and academia, 
CNNs have achieved a remarkable capability for both image classification and pattern 
recognition tasks. The working principle is usually the same and is composed of convolu-
tion layers applied at the input of a supervised DL network that updates its weights of 
feature maps, learnt from the previous layer, based on their relationships in space to 
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reduce the numbers of parameters needed to train the model [6,12,13]. This is then fol-
lowed by fully connected layers and the output layer, which could be either classification 
(SoftMax layer), recognition or clustering. 

There are several variants of CNN models commonly referred to as transfer learning 
(TL) models. These include ImageNet, LeNet, Inception, VGGNet and ResNet [10]. These 
models have been trained on a very large number of high-resolution images from the in-
ternet known as the ImageNet with millions of trainable parameters, with their weights 
and biases frozen. The input and classification layers can be adjusted to train other types 
of healthcare-related images such as those from computerized tomography scans, IR ther-
mography and magnetic resonance imaging. 

A challenge encountered in applying DL techniques to medical applications is small 
datasets, a problem known as the data challenge [14]. A method to deal with it is called 
data augmentation [15]. Data augmentation could allow DL models to improve their data 
classification performance by artificially generating a greater diversity of training exam-
ples [15–17]. Therefore, augmentation techniques are transformation operations that mod-
ify a sample (e.g., an image) in such a way that it can still be semantically described by the 
original identity of the sample category or type [18]. Data augmentation has been applied 
as part of Raman spectroscopy skin cancer tissue classification [19], natural language pro-
cessing [20], time series classification with neural networks [21], text classification [22], 
material microscopic image segmentation [23] and image classification [24]. The were also 
studies outlining the effectiveness of generative adversarial networks [25,26] in medical 
image augmentation [27–30]. 

A further challenge when using medical data for machine learning diagnostic pur-
poses may be a significant imbalance in the number of samples (example cases) from dif-
ferent categories. This imbalance may bias the analysis and thus affect the accuracy of the 
results. A study reported a means to deal with this imbalance by using Euclidean distance 
between samples of the same category to reduce the associated imbalance [31]. 

The contributions of this study include the following: 
• A CNN model devised to identify wrist fractures from IRT images. The ability of the 

CNN was leveraged to automatically extract features based on the convolution layers 
as previous methods used manual feature extraction methods. 

• A proposed CNN model that was tailor-made for the specific input IRT image char-
acteristics. 

• An exploration of the effectiveness of image augmentation when developing DL 
models for IRT image classification was performed. 

• The performance of CNN in identifying wrist fractures was compared with an earlier 
study that used a multilayer perceptron neural network, indicating improved accu-
racy for the CNN. 

2. Related Studies 
In this section, studies utilizing infrared thermal imaging for medical diagnosis are 

initially described and then applications of machine learning to classify infrared thermal 
images are provided. 

2.1. Infrared Thermal Imaging for Medical Diagnosis 
Several studies have used IRT imaging to diagnose or monitor medical conditions. In 

a diagnostic pilot study [1], IRT imaging was used to differentiate between wrist fractures 
and sprains (no fracture) in children. The temperature of the injured wrist, represented by 
the relevant region of interest (ROI), was compared with the temperature of the contrala-
teral uninjured wrist acting as its control. Statistical techniques were used to analyze the 
temperature difference. The study indicated that there was a significant temperature dif-
ference, with higher values recorded in the fractured wrists than in the sprained wrists. 
Infrared thermal imaging has been studied to identify fractured thoracic vertebrae in 



Healthcare 2024, 12, 994 4 of 16 
 

 

children aged 5–18 years (number: 11) with osteogenesis imperfecta (OI) [4]. OI is a genetic 
disorder causing bones to become more fragile and thus more prone to fractures. IRT im-
aging provided a cost-effective and quick (as compared with magnetic resonance imaging 
or computerized tomography) method of detecting thoracic vertebrae. A summary of 
other related studies using IRT imaging for medical diagnosis is provided in Table 1. 

Table 1. Summary of related studies utilizing IRT imaging for medical diagnosis. 

Study Diagnosis Number of Subjects Region of Interest Detected Temperature Difference (°C) 
[32] Bone neoplasia 40 Limb 0.53 to 0.67 
[33] Fracture 19 Forearm 0.8 to 2 
[34] Repetitive strain injuries 33 Wrist and hand Joints 0.65 
[35] Fracture/sprain 133 Various 0.26 to 0.47 
[31] Toddler’s fracture 39 Tibia 1.1 

 

2.2. Machine Learning and Deep Learning Techniques 
Machine learning classification techniques can provide means of computer-aided 

medical diagnosis [36,37]. A multilayer perceptron (MLP) artificial neural network (ANN) 
model for wrist fracture classification using IRT images of 40 subjects was developed [38]. 
The features used for training the MLP were extracted manually, which comprised the 
pixel values of the IRT images extracted from the wrist ROI. A discrimination accuracy of 
77% was obtained. In another study, a custom deep learning neural network (DNN) algo-
rithm was developed to classify obesity using thermal images of the abdomen, forearm, 
and shank region as the ROI [36]. They recruited 50 obese and 50 healthy patients. Their 
CNN-based method provided an accuracy of 92%. In another study, different artificial 
intelligence (AI) techniques were compared to classify IRT images of 39 patients with di-
abetic foot ulcers [39]. The images were processed for classification by three decision sup-
port machine learning algorithms, namely ANN, support vector machine (SVM) and k-
nearest neighbors (k-NNs). Their comparisons of these techniques indicated that the k-
NNs of five neighbors provided the best classification of the disease with an accuracy of 
81.25%. Multiple CNN models were examined to differentiate cancerous blood cells from 
normal blood cells and the best results were obtained through a majority voting scheme 
[40]. Studies employed DL as part of detecting COVID-19 [41,42]. CNN models were de-
vised to classify IRT images of fatty liver [43]. They used three types of datasets based on 
specified exclusion criteria. Their best approach provided a classification accuracy of 94%. 
A CNN-based transfer learning algorithm called ResNet50 was used to classify thermal 
images of pneumonia from COVID-19 from 101 patients, providing an accuracy of 91% 
[44]. Their training and test images were randomly selected from a pool of data which 
consisted of several images from the same patient. A cross-validation technique was used 
to evaluate the model. 

Other related studies that used computer-aided screening for various medical condi-
tions included predicting hemodynamic shock [45], diagnosis of cardiovascular disease 
[46], diagnosis of diabetes [47] and radiological applications [48]. A summary of further 
related studies is provided in Table 2. 

Table 2. Summary of infrared thermal imaging-based machine learning methods for medical diag-
nosis. 

Study Number of Subjects Diagnosis ML/AI Algorithm Accuracy (%) 
[49] 283 Diabetic eye disease SVM 86 
[50] 11 Lip lesions SVM/KNN 63–100 
[51] 67 Breast cancer Various 73–92 
[52] 82 Pressure injury CNN 95 
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3. Materials and Methods 
The method used in this study comprised data collection and data pre-processing 

which included fast Fourier transformation (FFT) of the IRT images, image resizing and 
augmentation. These were followed by classification based on a CNN-based DNN. The 
operations are outlined in Figure 2. 

 
Figure 2. Operations to identify wrist fracture. 

3.1. Participants’ Recruitment and Data Recording 
IRT images from 40 participants were used for this study. They comprised 21 con-

firmed patients without a fracture and 19 patients with a fracture, confirmed by X-ray 
radiography. For both injured and uninjured wrists, 299 images were recorded (frame rate 
= 30 frames per second). Further details of the recruitment and recording can be found in 
[1,38]. The study was conducted in accordance with the Declaration of Helsinki, and ap-
proved by the National Health Service Research Ethics Committee (United Kingdom, 
identification number: 253,940, approval date: 7 March 2019). Informed consent was ob-
tained from all participants included in the study. 

3.2. Image Pre-Processing 
As there can be variations in skin temperature across participants, the mean temper-

ature of the uninjured wrist region of interest (ROI) was subtracted from each pixel value 
of the injured wrist ROI. The resulting ROIs for the injured wrists were fast Fourier trans-
formed (FFT). Since the wrist ROI varied in dimension across the participants, the FFT 
process provided a means to resize the images by selecting a section from its center with 
a size of 100 × 100 pixels and thus ensuring they all had identical dimensions. This section 
had the main frequency components. An IR image participant’s hands with a fracture of 
the left wrist is shown in Figure 3a. The fractured left wrist appears brighter in comparison 
with the uninjured right wrist, indicating an increase in IR thermal emission. An IR image 
of a participant’s hand with a sprained left wrist is provided in Figure 3b. The temperature 
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differences between the injured and uninjured wrist require image processing analyses to 
interpret their significance. 

The ROIs for the injured left wrists are shown by the blue dotted lines on the respec-
tive images. A similar ROI was selected from the uninjured wrist. Typical magnitude fre-
quency spectra of the ROI for fractured and sprained wrists are shown in Figure 4a and 
Figure 4b, respectively. 

  
(a) (b) 

Figure 3. Infrared image of a participants’ hands: (a) fracture of left wrist; (b) sprained left wrist. 
The region of interest is shown by the blue dotted line. 

 
(a) 
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(b) 

Figure 4. Magnitude frequency spectra of a typical region of interest for (a) fractured wrist ROI and 
(b) sprained wrist ROI. 

The transformed and resized images were then converted into the portable network 
graphic (PNG) format for CNN input compatibility in preparation for the next stage. 

Image Augmentation 
Geometric transformation methods of rotation, translation, and shearing were per-

formed on the fast-Fourier-transformed and resized ROI sections (images) of the injured 
wrists. This was to introduce further variabilities in the images to enhance CNN general-
ization during training [53]. Each image was randomly subjected to a single transfor-
mation scheme. For those images that were subjected to rotation transformation, the 
amount of the rotation was randomly selected to be between −90° and 90°. A lower value 
of rotation was not as effective for classification. For the images that were translated, the 
amount of translation was randomly selected to be between −3 pixels and +3 pixels along 
the horizontal and vertical axes. The translation allowed the input images to have varia-
tions in space and avoid positional bias during training. Finally, for the images that were 
subjected to shearing transformation, the amount of shearing was randomly selected to 
be between a shear factor of −2 and 2, both horizontally and vertically. Shearing affected 
the shape of the input images by slanting or tilting them in the specified direction. The 
values chosen for the translation and shearing were kept quite small as the input data had 
minimal variations from the point of recording. 

3.3. CNN-Based Deep Learning 
The computer used to perform the processing operations was an Apple MacBook, 

with an 8-core CPU, 10-core GPU, 16-core neural engine, 100 GB/s memory bandwidth, 
and maximum CPU clock rate of 3.49 GHz. The CNN training took 104 min and 41 s. 

The CNN-based deep neural network was based on the architecture described in Sec-
tion 1.2. The structure of the CNN-based deep learning neural network architecture is 
shown in Figure 5. The layers with learnable parameters used in the CNN-based DNN 
architecture for the classification of the images representing fracture and non-fracture are 
provided in Table 3. The hyperparameters used for fine tuning the model are provided in 
Table 4. 
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Figure 5. CNN-based deep neural network used in the study. 

Table 3. Layer names and their learnable parameters. 

Layer Name Parameters 
2D convolutional (Conv_1 (2D)) 80 
Batch normalization (Batchnorm_1 (2D)) 16 
2D Convolutional (Conv_2 (2D)) 1168 
Batch Normalization (Batchnorm_2 (2D)) 32 
2D Convolutional (Conv_3 (2D)) 4640 
Batch Normalization (Batchnorm_3 (2D)) 64 
2D Convolutional (Conv_4 (2D)) 18,496 
Batch Normalization (Batchnorm_4 (2D)) 128 
2D Convolutional (Conv_5 (2D)) 73,856 
Batch normalization (Batchnorm_5 (2D)) 256 
2D Convolutional (Conv_6 (2D)) 295,168 
Batch Normalization (Batchnorm_6 (2D)) 512 
2D Convolutional (Conv_7 (2D)) 1,180,160 
Batch normalization (Batchnorm_7 (2D)) 1024 
2D Convolutional (Conv_8 (2D)) 1,180,160 
Batch normalizations (Batchnorm_8 (2D)) 1024 
Fully Connected (FC) 1026 

Table 4. Hyperparameters for CNN-based deep neural network. 

Hyperparameters Measures 
Optimizer Adam 
Activation function ReLU 
Learning rate 0.005 
Batch size 170 
Maximum epoch 250 (no early stopping) 
Maximum iteration 12,250 
Loss function Cross-Entropy 

The CNN-based deep neural network consisted of 34 layers in total and 3.9 million 
learnable parameters, i.e., weights and biases. It comprised a similar combination of con-
volutional, batch normalization, rectified linear unit (ReLU) or rectifier activation function 
(this introduced non-linearity to the deep learning model) and maximum pooling layers, 
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respectively (they helped in the extraction of relevant features from the input images 
while simultaneously reducing the data dimension). 

The CNN-based deep neural network had 8 convolutional layers. The first layer of 
convolution comprised 8 filters, with a filter size of 3, connected to the input layer. The 
‘convolution2dlayer’ from the Matlab© DL toolbox (Version 2023b) [54] was used to create 
the CNN model. It defined the filter, referred to as the kernel or mask. It used an array of 
defined weights applied to the neighboring pixels of the input image while the convolu-
tion process was being performed. During the convolution, the filters were arranged at 
each position of the image input around the pixels centered in the position. There was an 
element-wise multiplication of the neighboring pixels of the input image and the results 
of the multiplication were then summed to generate the filter output. This was then slid 
through the entirety of the image with the convolution process at each position of the 
window. The output image, also known as the feature map, had the same dimension as 
the input image. Its values were determined by the convolution operation. 

As the layers deepened, the number of convolutional filters increased by 2(n+2), where 
n is the CNN convolution layer number, until it reached 512 filters, which was the maxi-
mum number of filters that could be achieved based on the size of the input image, as the 
choice of the convolutional filters must be less than the input image size. As the layer 
number increased, it enhanced the ability of the CNN model to distinguish features of the 
images [55]. 

A batch normalization layer followed each convolutional layer. The batch normali-
zation layer sped up the CNN convergence by normalizing the values of the calculated 
weights and biases from the previous convolution layer to have a mean value close to zero 
and a standard deviation close to 1 before passing to the next layer of the CNN. 

A rectified linear unit (ReLU) activation layer followed each batch normalization 
layer. The choice of the ReLU activation function was based on the non-linear classification 
task that was required of the input images. Each ReLU layer ensured that neurons with 
negative values remained inactive, allowing neurons with positive values to be activated 
for the next convolution layer. This helped the CNN model to learn only the main image 
features, thereby reducing overfitting by the model during its training [56]. 

The final convolution layer was connected to a fully connected (FC) layer of pro-
cessing neurons with two outputs representing the injury types, i.e., fracture and non-
fracture. The output vectors from the FC layer comprised positive and negative values. 

The next layer was the SoftMax layer that converted the output from the FC layer into 
normalized class probabilities [57]. The classification layer generated the classification of 
each image based on the probability of injury being a fracture or a non-fracture (sprain) 
from the SoftMax layer. 

The CNN model was trained on 250 epochs (each epoch was 49 iterations) without 
early stopping, where the final model metrics were calculated based on the average vali-
dation metrics throughout the specified number of epochs. The training process was ex-
amined for early stopping at 60 epochs (corresponding to 2940 iterations) where there was 
a global minimum in terms of the training error. As, at that point, the differentiation ac-
curacy was not sufficiently high, the training was allowed to continue for 250 epochs. 
Thereafter, there was no further improvement in the CNN classification accuracy. 

Figures 6 and 7, respectively, show the training and loss (i.e., error) performances of 
the CNN model with the validation dataset. The blue graph in Figure 6 represents the 
training of the model, with the black graph representing the model’s validations using the 
validation data with validation performed after 250 epochs. The red graph in Figure 6 
shows the training loss and the black graph shows the validation error. 



Healthcare 2024, 12, 994 10 of 16 
 

 

 
Figure 6. The CNN model training with validation data. The blue graph represents the model’s 
training, and the black graph represents the validation using the validation dataset with validation 
carried out after 250 epochs. 

 
Figure 7. The CNN model loss with validation data. The red graph represents the model training 
loss (or error) and the black graph represents the validation error using the validation dataset with 
validation carried out after 250 epochs. 

3.4. Evaluation Metrics 
The efficacy of the proposed CNN-based DL neural network was assessed using the 

confusion matrix, which provided classification accuracy, sensitivity, specificity, positive 
predictive value (PPV) and negative predictive value (NPV). These metrics were obtained 
from the model’s classification of true negatives (TNs), true positives (TPs), false positives 
(FPs) and false negatives (FNs). The receiver operating characteristic (ROC) was also used 
to evaluate the model, providing the area under curve (AUC) for clinical use. 

4. Results 
Two variants of the CNN-based DNN architectures were investigated. The first vari-

ant performed classification with image augmentation without a dropout layer, and the 
second variant did not include augmentation but had a dropout layer. 
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When training a DL model on small datasets, there is a tendency for overfitting to 
occur due to the large number of layers used in the network. To deal with this effect, tech-
niques such as augmentation [58] and regularizations (dropout) [59] have been reported. 
In the first experiment, the images were randomly rotated, translated, and sheared as de-
scribed in the Materials and Methods section. For the second experiment, a dropout layer 
was added to the to the last convolution layer, just after the maximum (max) pooling layer 
and before the fully connected (FC) layer. A value of 0.2 was selected for the dropout layer, 
meaning that 20% of the nodes were dropped with every update in weight during train-
ing. A larger value of dropout would have negatively affected the performance of the 
model as more nodes would have been dropped. 

Binary classifications were provided for fractures and non-fractures (sprains) and 
presented for both experiments. The dataset comprised 11,960 (i.e., 40 participants × 299 
images) fast-Fourier-transformed IRT images of 40 participants, 21 without a fracture 
(sprain) and 19 with a fracture. The dataset was split into 70% of the images for training 
(13 participants with a fracture and 15 participants without a fracture, totaling 8372 im-
ages) and 30% of the images for validation (6 fractures and 6 non-fractured, totaling 3588 
images). The number of images for training and validation is summarized in Table 5. 

Table 5. Number of images used for CNN training and validation. 

Injury Training Validation 
Fracture 3887 1794 
Sprain 4485 1794 

4.1. CNN-Based Deep Neural Network with Augmentation and without Dropout 
The CNN-based deep neural network model (Figure 5) was configured based on the 

hyperparameters provided in Table 4. This model was constructed using the Matlab© DL 
toolbox [54]. To indicate the effectiveness of the model, the average values of sensitivity, 
specificity, NPV, PPV and accuracy are provided in Table 6 and the confusion matrix is 
provided in Figure 8. The receiver operating characteristic curve (ROC) [60] is shown in 
Figure 9 with the model operating points for fracture and non-fracture. The CNN-based 
deep neural network model achieved an area under the ROC curve (AUC) of 0.82. 

 
Figure 8. Confusion matrix for CNN-based deep neural network for wrist fracture versus sprain. 
The squares contain the number of images for validation dataset, total: 3588 images. 
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Figure 9. Receiver operating characteristic curve for CNN-based deep neural network. 

Table 6. Evaluation metrics for CNN-based deep neural network with augmentation and without 
dropout. 

Injury Type Sensitivity (%) Specificity (%) NPV (%) PPV (%) Accuracy (%) 
Fracture versus sprain 88.3 68.3 80.4 72.5 75.8 

4.2. Results for CNN-Based Deep Neural Network without Augmentation and with Dropout 
In this part of the study, the same hyperparameters in Table 4 and the architecture in 

Figure 5 were used, but without image augmentation. To compensate for overfitting, a 
dropout layer (0.2) was introduced, as discussed earlier. The sensitivity, specificity, NPV, 
PPV and accuracy are provided in Table 7. 

Table 7. Evaluation metrics for CNN-based deep neural network without augmentation and with-
out dropout. 

Injury Sensitivity (%) Specificity (%) NPV (%) PPV (%) Accuracy (%) 
Fracture versus sprain 50 66.7 60.0 57.1 58.3 

5. Discussion 
The purpose of this study was to develop an IRT image classification model utilizing 

a CNN-based deep neural network, in contrast to the wrist fracture identification in [38] 
where feature extraction for the multilayer perceptron artificial neural network was per-
formed prior to the neural network classification. From the confusion matrix in Figure 8, 
the model produced an overall accuracy of 76% for the classification of the IRT images 
between wrist fracture and non-fracture (sprain) when image augmentation was applied 
without dropout. This provided improved accuracy compared to when a dropout layer 
was introduced without augmentation. The model also showed an NPV of 80% and a PPV 
of 73%. Therefore, the classification of images associated with the non-fractured wrists 
was 80% correct. 

The ROC curve presented in Figure 9 indicated the model’s operating point of 0.82 
which provided a better measure of classification considering a larger number of non-
fractured images in the dataset. The ROC area under the curve (AUC) was used to further 
highlight the ability of the model in differentiating the injury types. It provided a 
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benchmark for clinical diagnosis regardless of the number of classes. Acceptable values 
for the AUC ROC are between 0.8 and 1 [60]. 

When the model was used without augmentation and with a dropout value of 0.2, 
the model produced a specificity of 68% and a sensitivity of 50%. These values were much 
lower compared to the first experiment. This can be attributed to the nature of the IRT 
images used in the CNN architecture. 

In a follow-up work, other computer vision techniques such as vision transformers 
[61] will be considered to improve the classification of IRT images. The effectiveness of 
other image augmentation techniques and generative models like variational autoencod-
ers [62] and generative adversarial networks [63,64] will also be evaluated to identify wrist 
fracture IRT images. The original images had small variations, and dropping out played 
a significant role in the model accuracy as pattern recognition became harder. The inclu-
sion of the image augmentation technique increased the variability of the IRT dataset, as-
sisting CNN generalization during its training. 

The main limitation of this study was the inclusion of a small sample size of recruited 
participants. The augmentation process was adapted to increase the training and valida-
tion datasets, as otherwise, given the number of CNN layers, overfitting would have oc-
curred during training. An issue that was carefully considered during both CNN training 
and validation was the manner in which the augmented images were used as part of the 
training and validation datasets. There were 299 augmented images from each participant. 
It was ensured that the augmented images from a single participant were not split between 
the training and validation datasets. If the augmented images from a single participant 
were split between the training and validation datasets, the validation accuracy could 
have unduly increased as the CNN had already “seen” the related images from the same 
participant during its training phase. 

This study carried out a successful development and evaluation of CNN models to 
interpret augmented IR thermal images for differentiating between wrist fractures and 
wrist sprains in pediatric patients. 

6. Conclusions 
This study developed a CNN-based deep neural network architecture to differentiate 

fractured and non-fractured wrists using infrared thermal (IRT) images of 40 participants 
(11,960 images). The IRT images were fast Fourier transformed to aid their representation 
and resized in preparation for the CNN model. Augmentation was performed to improve 
the generalization of the model during training, thereby reducing overfitting by the 
model. The model performance was examined in two scenarios. With image augmenta-
tion and no dropout, the model achieved accuracy, sensitivity, specificity, NPV and PPV 
values of 76%, 88%,68%, 80% and 73%, respectively. An ROC-AUC of 0.82 was also ob-
tained. For the second scenario, where regularization of the model was performed by in-
cluding a dropout (0.2) layer for the CNN-based deep neural network architecture, the 
values of the evaluation metrices decreased. This study was successful in using artificial 
intelligence-assisted IRT images to identify wrist fractures. 

Author Contributions: Conceptualization, O.S., R.S. and S.R.; methodology, O.S., R.S. and S.R.; soft-
ware, O.S. and R.S.; validation, O.S., R.S. and S.R.; formal analysis, O.S., R.S. and S.R.; investigation, 
O.S., R.S. and S.R.; resources, O.S., R.S. and S.R.; data curation, O.S., R.S. and S.R.; writing—original 
draft preparation, O.S., R.S. and S.R; writing—review and editing, O.S., R.S. and S.R.; visualization, 
O.S., R.S. and S.R.; supervision, R.S. and S.R; project administration, O.S., R.S. and S.R. All authors 
have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: This study was conducted in accordance with the Declara-
tion of Helsinki and approved by the National Health Service Research Ethics Committee (United 
Kingdom, identification number: 253,940, approval date: 7 March 2019).  



Healthcare 2024, 12, 994 14 of 16 
 

 

Informed Consent Statement: Informed consent was obtained from all subjects involved in this 
study. None of the participants can be identified in this article. 

Data Availability Statement: Patient data are not shared due to ethical restrictions. 

Acknowledgments: The authors are grateful for all participants (patients and their carers) who so 
kindly assisted this work by taking part in the data recordings. We are grateful to Charlotte Reed 
for her great assistance with the acquisition of the patients’ data used in this study. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 
1. Reed, C.; Saatchi, R.; Burke, D.; Ramlakhan, S. Infrared thermal imaging as a screening tool for paediatric wrist fractures. Med. 

Biol. Eng. Comput. 2020, 58, 1549–1563. 
2. Zhang, L.; Guob, H.; Lic, Z. Application of medical infrared thermal imaging in the diagnosis of human internal focus. Infrared 

Phys. Technol. 2019, 101, 127–132. 
3. Kastberger, G.; Stachl, R. Infrared imaging technology and biological applications. Behav. Res. Methods Instrum. Comput. 2003, 

35, 429–439. 
4. De Salis, A.F.; Saatchi, R.; Dimitri, P. Evaluation of high resolution thermal imaging to determine the effect of vertebral fractures 

on associated skin surface temperature in children with osteogenesis imperfecta. Med. Biol. Eng. Comput. 2018, 56, 1633–1643. 
5. Mousavi, A.; Arefanjazi, H.; Sadeghi, M.; Ghahfarokhi, A.M.; Beheshtinejad, F.; Masouleh, M.M. Comparison of feature eEx-

traction with PCA and LTP methods and investigating the effect of dimensionality reduction in the Bat algorithm for face recog-
nition. Int. J. Robot. Control Syst. 2023, 3, 500–509. 

6. Liu, X.; Song, L.; Liu, S.; Zhang, Y. A review of deep-learning-based medical image segmentation methods. Sustainability 2021, 
13, 1224. 

7. Cai, L.; Gao, J.; Zhao, D. A review of the application of deep learning in medical image classification and segmentation. Ann. 
Transl. Med. 2020, 8, 713. 

8. Alzubaidi, L.; Zhang, J.; Humaidi, A.J.; Al-Dujaili, A.; Duan, Y.; Al-Shamma, O.; Santamaría, J.; Fadhel, M.A.; Al-Amidie, M.; 
Farhan, L. Review of deep learning: Concepts, CNN architectures, challenges, applications, future directions. J. Big Data 2021, 
8, 53. 

9. Affonso, C.; Rossi, A.L.; Vieira, F.H.; de Leon Ferreira, A.C. Deep learning for biological image classification. Expert Syst. Appl. 
2017, 1, 114–122. 

10. Wu, M.; Chen, L. Image recognition based on deep learning. Chin. Autom. Congr. (CAC) 2015, 27, 542–546. 
11. Su, D.; Chen, L.; Du, X.; Liu, M.; Jin, L. Constructing convolutional neural network by utilizing nematode connectome: A brain-

inspired method. Appl. Soft Comput. 2023, 149, 110992. 
12. Li, Z.; Liu, F.; Yang, W.; Peng, S.; Zhou, J. A survey of convolutional neural networks: Analysis, applications, and prospects. 

IEEE Trans. Neural Netw. Learn. Syst. 2022, 33, 6999–7019. 
13. Morid, M.A.; Borjali, A.; Del Fiol, G. A scoping review of transfer learning research on medical image analysis using ImageNet. 

Comput. Biol. Med. 2021, 128, 104115. 
14. Hernandez-Guedes, A.; Santana-Perez, I.; Arteaga-Marrero, N.; Fabelo, H.; Callico, G.M.; Ruiz-Alzola, J. Performance evalua-

tion of deep learning models for image classification over small datasets: Diabetic foot case study. IEEE Access 2022, 10, 124373–
124386. 

15. Alomar, K.; Aysel, H.I.; Cai, X. Data augmentation in classification and segmentation: A survey and new strategies. J. Imaging 
2023, 9, 46. https://doi.org/10.3390/jimaging9020046. 

16. Iglesias, G.; Talavera, E.; González-Prieto, Á.; Mozo, A.; Gómez-Canaval, S. Data augmentation techniques in time series do-
main: A survey and taxonomy. Neural Comput. Appl. 2023, 35, 10123–10145. 

17. Nanni, L.; Paci, M.; Brahnam, S.; Lumini, A. Comparison of different image data augmentation approaches. J. Imaging 2021, 7, 
254. https://doi.org/10.3390/jimaging7120254. 

18. Mumuni, A.; Mumuni, F. Data augmentation: A comprehensive survey of modern approaches. Array 2022, 16, 100258. 
19. Wu, M.; Wang, S.; Pan, S.; Terentis, A.C.; Strasswimmer, J.; Zhu, X. Deep learning data augmentation for Raman spectroscopy 

cancer tissue classification. Nature 2021, 11, 23842. 
20. Li, L.; Hou, Y.; Che, W. Data augmentation approaches in natural language processing: A survey. AI Open 2022, 3, 71–90. 
21. Iwana, B.K.; Uchida, S. An empirical survey of data augmentation for time series classification with neural networks. PLoS ONE 

2021, 17, e0254841. https://doi.org/10.1371/journal.pone.0254841. 
22. Bayer, M.; Kaufhold, M.-A.; Reuter, C. A survey on data augmentation for text classification. ACM Comput. Surv. 2022, 55, 146. 
23. Ma, J.; Hu, C.; Zhou, P.; Jin, F.; Wang, X.; Huang, H. Review of image augmentation used in deep learning-based material 

microscopic image segmentation. Appl. Sci. 2023, 13, 6478. https://doi.org/10.3390/app13116478. 
24. Zhang, R.; Zhou, B.; Lu, C.; Ma, M. The performance research of the data augmentation method for image classification. Math. 

Probl. Eng. 2022, 2022, 2964829. https://doi.org/10.1155/2022/2964829. 
25. Goodfellow, I.; Pouget-Abadie, J.; Mirza, M.; Xu, B.; Warde-Farley, D.; Ozair, S.; Courville, A.; Bengio, Y. Generative adversarial 

networks. Commun. ACM 2020, 63, 139–144. 



Healthcare 2024, 12, 994 15 of 16 
 

 

26. Brophy, E.; Wang, Z.; She, Q.; WARD, T. Generative adversarial networks in time Series: A systematic literature review. ACM 
Comput. Surv. 2023, 55, 199. 

27. Chen, Y.; Yang, X.-H.; Wei, Z.; Heidari, A.A.; Zheng, N.; Li, Z.; Chen, H.; Hu, H.; Zhou, Q.; Guan, Q. Generative adversarial 
networks in medical image augmentation: A review. Comput. Biol. Med. 2022, 144, 105382. 

28. Sandfort, V.; Yan, K.; Pickhardt, P.J.; Summers, R.M. Data augmentation using generative adversarial networks (CycleGAN) to 
improve generalizability in CT segmentation tasks. Nature 2019, 9, 16884. 

29. Yahaya, M.S.M.; Teo, J. Data augmentation using generative adversarial networks for images and biomarkers in medicine and 
neuroscience. Front. Appl. Math. Stat. 2023, 9, 1162760. https://doi.org/10.3389/fams.2023.1162760. 

30. Frid-Adar, M.; Diamant, I.; Klang, E.; Amitai, M.; Goldberger, J.; Greenspan, H. GAN-based synthetic medical image augmen-
tation for increased CNN performance in liver lesion classification. Neurocomputing 2018, 321, 321–331. 

31. Saatchi, R.; Ramlakhan, S. Infrared thermal imaging analysis in screening for toddler’s fracture: A proof-of-concept study. Appl. 
Sci. 2023, 13, 13299. 

32. Sung, J.; Loughin, C.; Marino, D.; Leyva, F.; Dewey, C.; Umbaugh, S.; Lesser, M. Medical infrared thermal imaging of canine 
appendicular bone neoplasia. BMC Vet. Res. 2019, 15, 430. 

33. Ćurković, S.; Antabak, A.; Halužan, D.; Luetić, T.; Prlić, I.; Šiško, J. Medical thermography (digital infrared thermal imaging–
DITI) in paediatric forearm fractures—A pilot study. Injury 2015, 1, S36–S39. 

34. Magas, V.; Abreu de Souza, M.; Borba Neves, E.; Nohama, P. Evaluation of thermal imaging for the diagnosis of repetitive strain 
injuries of the wrist and hand joints. Res. Biomed. Eng. 2019, 1, 57–64. 

35. Sanchis-Sánchez, E.; Salvador-Palmer, R.; Codoñer-Franch, P.; Martín, J.; Vergara-Hernández, C.; Blasco, J.; Ballester, E.; Sanchis, 
E.; González-Peña, R.; Cibrián, R. Infrared thermography is useful for ruling out fractures in paediatric emergencies. Eur. J. 
Pediatr. 2015, 174, 493–499. 

36. Snekhalatha, U.; Sangamithirai, K. Computer aided diagnosis of obesity based on thermal imaging using various convolutional 
neural networks. Biomed. Signal Process. Control 2021, 63, 102233. 

37. Ghayoumi, Z.H.; Haddadnia, J.; Hashemian, M.; Hassanpour, K. Diagnosis of breast cancer using a combination of genetic 
algorithm and artificial neural network in medical infrared thermal imaging. Iran. J. Med. Phys. 2012, 9, 265–274. 

38. Shobayo, O.; Saatchi, R.; Ramlakhan, S. Infrared thermal imaging and artificial neural networks to screen for wrist fractures in 
pediatrics. Technologies 2022, 10, 119. 

39. Vardasca, R.; Vaz, L.; Magalhaes, C.; Seixas, A.; Mendes, J. Towards the diabetic foot ulcers classification with infrared thermal 
images. In Proceedings of the 14th Quantitative Infrared Thermography Conference, Berlin, Germany, 25–29 June 2018; pp. 25–29. 

40. Ghaderzadeh, M.; Hosseini, A.; Asadi, F.; Abolghasemi, H.; Bashash, D.; Roshanpoor, A. Automated detection model in classi-
fication of B-lymphoblast cells from normal B-lymphoid precursors in blood smear microscopic images based on the majority 
voting technique. Sci. Program. 2022, 2022, 4801671. https://doi.org/10.1155/2022/4801671. 

41. Gheisari, M.; Ghaderzadeh, M.; Li, H.; Taami, T.; Fernández-Campusano, C.; Sadeghsalehi, H.; Abbasi, A.A. Mobile apps for 
COVID-19 detection and diagnosis for future pandemic control: Multidimensional systematic review. JMIR Mhealth Uhealth 
2024, 12, e44406. 

42. Ghaderzadeh, M.; Asadi, F.; Ghorbani, N.R.; Almasi, S.; Taami, T. Toward artificial intelligence (AI) applications in the deter-
mination of COVID-19 infection severity: Considering AI as a disease control strategy in future pandemics. Iran. J. Blood Cancer 
2023, 15, 93–111. 

43. Özdil, A.; Yilmaz, B. Medical infrared thermal image based fatty liver classification using machine and deep learning. Quant. 
InfraRed Thermogr. J. 2024, 21, 102–119. 

44. Hoffer, O.; Brzezinski, R.Y.; Ganim, A.; Shalom, P.; OvadiaBlechman, Z.; Ben-Baruch, L.; Lewis, N.; Peled, R.; Shimon, C.; 
Naftali-Shani, N.; et al. Smartphone-based detection of COVID-19 and associated pneumonia using thermal imaging and a 
transfer learning algorithm. J. Biophotonics 2024, 2024, e202300486. https://doi.org/10.1002/jbio.202300486. 

45. Nagori, A.; Dhingra, L.S.; Bhatnagar, A.; Lodha, R.; Sethi, T. Predicting hemodynamic shock from thermal images using machine 
learning. Sci. Rep. 2019, 9, 91. 

46. Jayanthi, T.; Anburajan, M. Model-based computer-aided method for diagnosis of cardiovascular disease using IR thermogram. 
Biomed. Res. 2019, 30, 95–101. 

47. Samant, P.; Agarwal, R. Machine learning techniques for medical diagnosis of diabetes using iris images. Comput. Methods Pro-
grams Biomed. 2018, 57, 121–128. 

48. Yamashita, R.; Nishio, M.; Do, R.K.G.; Togashi, K. Convolutional neural networks: An overview and application in radiology. 
Insights Into Imaging 2018, 9, 611–629. 

49. Selvathi, D.; Suganya, K. Support vector machine based method for automatic detection of diabetic eye disease using thermal 
images. In Proceedings of the 1st International Conference on Innovations in Information and Communication Technology 
(ICIICT). Chennai, India, 25–26 April 2019; pp. 1–6. 

50. Paulino, J.A.; da Silva Alves, A.V.; de Sousa, R.P.; Galdino, K.E.; Alves, P.M.; Oliveira, E.J. The use of hybrid classifier to assist in 
the diagnosis of lip lesions in thermal images: A preliminary study. IEEE Int. Conf. Bioinform. Biomed. (BIBM) 2019, 18, 1585–1588. 

51. Yadav, S.S.; Jadhav, S.M. Thermal infrared imaging based breast cancer diagnosis using machine learning techniques. Multimed. 
Tools Appl. 2022, 1, 13139–13157. 

52. Wang, Y.; Jiang, X.; Yu, K.; Shi, F.; Qin, L.; Zhou, H.; Cai, F. Infrared thermal images classification for pressure injury prevention 
incorporating the convolutional neural networks. IEEE Access 2021, 9, 15181–15190. 



Healthcare 2024, 12, 994 16 of 16 
 

 

53. Shorten, C.; Khoshgoftaar, T.M. A survey on image data augmentation for deep learning. J. Big Data 2019, 6, 60. 
54. MathWorks Inc. Deep Learning Toolbox, Version: 23.2 (R2023b); The MathWorks Inc.: Natick, MA, USA, 2023. Available online: 

https://www.mathworks.com (accessed on 15 April 2024). 
55. Venkatesan, R.; Li, B. Convolutional Neural Networks in Visual Computing: A Concise Guide; CRC Press: Boca Raton, FL, USA, 2017. 

https://doi.org/10.4324/9781315154282. 
56. Nair, V.; Geoffrey, E.H. Rectified linear units improve restricted Boltzmann machines. In Proceedings of the 27th International 

Conference on Machine Learning (ICML-10), Haifa, Israel, 21–24 June 2010; pp. 807–814. 
57. Zhu, Q.; He, Z.; Zhang, T.; Cui, W. Improving classification performance of Softmax loss function based on scalable batch-

normalization. Appl. Sci. 2020, 10, 2950. https://doi.org/10.3390/app10082950. 
58. Pham, T.C.; Luong, C.M.; Visani, M.; Hoang, V.D. Deep CNN and data augmentation for skin lesion classification. In Intelligent 

Information and Database Systems: 10th Asian Conference, ACIIDS 2018, Dong Hoi City, Vietnam, 19–21 March 2018; Proceedings, 
Part II 10; Springer International Publishing: Berlin/Heidelberg, Germany, 2018; pp. 573–582. 

59. Wu, H.; Gu, X. Towards dropout training for convolutional neural networks. Neural Netw. 2015, 71, 1–10. 
60. Obuchowski, N.A.; Bullen, J.A. Receiver operating characteristic (ROC) curves: Review of methods with applications in diag-

nostic medicine. Phys. Med. Biol. 2018, 63, 07TR01. https://doi.org/10.1088/1361-6560/aab4b1. 
61. Han, K.; Wang, Y.; Chen, H.; Chen, X.; Guo, J.; Liu, Z.; Tang, Y.; Xiao, A.; Xu, C.; Xu, Y.; et al. A survey on vision transformer. 

IEEE Trans. Pattern Anal. Mach. Intell. 2023, 45, 87–110. 
62. Majidpour, J.; Ahmed, A.M.; Hassan, B.A.; Abdalla, M.H.; Qader, S.M.; Tayfor, N.B.; Rashid, T.A. Thermal face image reidenti-

fication based on variational autoencoder, cascade object detector using lightweight architectures. In Practical Artificial Intelli-
gence for Internet of Medical Things; CRC Press: Boca Raton, FL, USA, 2023; pp. 291–303. 

63. Creswell, A.; White, T.; Dumoulin, V.; Arulkumaran, K.; Sengupta, B.; Bharath, A.A. Generative adversarial networks: An over-
view. IEEE Signal Process. Mag. 2018, 35, 53–65. 

64. Wang, K.; Gou, C.; Duan, Y.; Lin, Y.; Zheng, X. Generative adversarial networks: Introduction and outlook. IEEE/CAA J. Autom. 
SINICA 2017, 4, 588–598. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


