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Abstract: Intravenous (IV) access is an important daily clinical procedure that delivers fluids or medication into a
patient’s vein. However, IV insertion is very challenging where clinicians are suffering in locating the
subcutaneous vein due to patients’ physiological factors such as hairy forearm and thick dermis fat, and also
medical staff’s level of fatigue. To resolve this issue, researchers have proposed autonomous machines to be used
for IV access, but such equipment are lacking capability in detecting the vein accurately. Therefore, this project
proposes an automatic vein detection algorithm using deep learning for IV access purpose. U-Net, a fully
connected network (FCN) architecture is employed in this project due to its capability in detecting the near-
infrared (NIR) subcutaneous vein. Data augmentation is applied to increase the dataset size and reduce the bias
from overfitting. The original U-Net architecture is optimized by replacing up-sampling with transpose
convolution as well as the additional implementation of batch normalization besides reducing the number of layers
to diminish the risk of overfitting. After fine-tuning and retraining the hypermodel, an unsupervised dataset is used
to evaluate the hypermodel by selecting 10 checkpoints for each forearm image and comparing the checkpoints on
predicted outputs to determine true positive vein pixels. The proposed lightweight U-Net has achieved slightly
lower accuracy (0.8871) than the original U-Net architecture. Even so, the sensitivity, specificity, and precision are
greatly improved by achieving 0.7806, 0.9935, and 0.9918 respectively. This result indicates that the proposed
algorithm can be applied into the venipuncture machine to accurately locate the subcutaneous vein for intravenous
(1V) procedures.
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1. Introduction

Intravenous (1V) access is one of the fundamental medical procedures that delivers fluids or medication into the
vein such as blood withdrawal, drug insertion or transfusion. Approximately 80 percent of patients required 1V access
at some stage during their hospitalization [1]. However, IV insertion is not a straightforward procedure where clinicians
are suffering in locating the subcutaneous vein due to many physiological factors such as hairy forearm, dark skin tone,
obese patients, elderly patients, and a high volume of dermis fat [2]. This limitation has caused the patients to suffer
from venipuncture pain and get injured due to multiple attempts of IV insertion. In addition, medical staff will be
difficult to identify the exact vein location on patients’ arms in a fatigue condition, which causes a higher possibility for
the patients to experience pain, injury, or worse, venous thrombosis.
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Among the methods developed to secure IV access safely, NIR is the optimum imaging technology for
subcutaneous vein localization to improve 1V success rate. The deoxygenated haemoglobin in the vein vessels can
absorb the infrared light when the light passes through the hand or arm location or reflects by that location [3]. With the
aids of infrared cameras and other related devices, the vein patterns will appear as dark lines. These lines provide a
“map” that can be used to guide medical staff for efficient IV insertion [2]. Despite the effectiveness of NIR
subcutaneous vein localization in initial stages, later studies reported its limitation in detecting the vein accurately,
included first-attempt IV insertion success rates, total procedure time, and lack of availability due to expensive cost [2],
leaving the problem unsolved yet till date. Therefore, the use of deep learning techniques is essential to improve
subcutaneous vein localization when using NIR imaging devices and also assist medical staff to carry out IV insertion
more accurately.

This paper presents an improved deep learning-based subcutaneous vein extraction technique by proposing a fully
connected convolutional network model called U-Net originally developed in [4]. This optimised lightweight U-Net
model is aimed to be implemented in intelligent healthcare machines to replace manual IV insertion. As CNN and
transfer learning as seen in [3] and [5] are typically used for biomedical data classification, the U-Net architecture
outperforms these deep learning techniques in biomedical image processing, in which the desired biomedical features
such as brain tumour and blood vessels can be localized, and their features can be extracted more efficiently. The
experiment of this project utilized data augmentation to generate a larger batch of image data before feeding the image
data into the lightweight U-Net model [4]. The original vein images can be augmented in various transformations
including rotation, translation, zooming, and shifting to create a diverse modified training set as well as to expand the
size of the training set. This allows the model to learn invariance from the diverse deformations efficiently besides
resolving the limitations of lacking training data images. Unsupervised learning of vein image segmentation is explored
by comparing 10 checkpoints on forearm images and predicted outputs to determine the number of true positive pixels
that can be extracted by the proposed model.

2. Related Works

Literature review has been done on several deep learning approaches including CNN, DenseNet, AlexNet, VGG-
Net, ResNet, Inception-ResNet, and U-Net. Among these reviewed techniques, CNN is the most common network
architecture in vein segmentation research as seen in [3], [5], and [6]. Transfer learning using DenseNet-161 is applied
in [7] and [8] and has achieved higher performance than CNN overall. However, AlexNet, which is another pretrained
model used in [9] and [10] achieved a lower performance compared to DenseNet-161 because it is shallower. Besides,
VGG-Net in [11], [12] and [13], ResNet in [14] and [15], and Inception-ResNet in [16] have achieved desirable results
from the segmentation, but ResNet and Inception-ResNet can incur long training time due to deep architecture.
Furthermore, VGG-Net applied in [11] has performed poorly in poor quality images, resulting in low EER.

The last reviewed network architecture is U-Net in [17], [18], [19], and [21], which has been widely used in many
biomedical tasks and it is the most accurate deep learning (DL) model till-date. U-Net, originally developed in [4], is a
modified CNN architecture favoured by biomedical image processing due to its robustness in biomedical image
segmentation. U-Net consists of encoder layers which reduce image dimensions, and decoder layers that repair the
detailed features of spatial dimension during up-sampling. The bottleneck layer mediates between the encoder layers
and decoder layers.

In [17], a Gabor filter was used in the first encoding block of a modified U-Net architecture. The ROIs were first
thresholded to a foreground value to label vein and background pixels. Then, morphological operations which were
dilation and erosion were applied to remove noises from the images. An end-to-end U-Net model in [18] was first used
to segmentate the vein images using four baseline algorithms and the resulting image is binarized by a threshold of 0.5
to label the vein pixels. The binarized images were used for model training to get the probability score of each pixel
and to generate predicted output through thresholding. The extraction process was fast and simple with a moderate
network size yet ensured satisfied outputs. However, vein pixel labelling was relied on multiple handcrafted algorithms
which might not be effective in the long term.

A deformable convolutional network by modifying the standard U-Net architecture [19] can capture the complex
venous structural features effectively. The convolutional layers in standard U-Net were replaced by deformable layers
to adjust receptive fields adaptively and residual recurrent layers for effective depth mining and feature accumulation.
This modified architecture was able to obtain a low EER and high extraction ability as compared to the original U-Net.
Latest research on dorsal hand vein segmentation reported that a best modified UNet from the other nine different U-
net networks, known as ResNet-UNet based CNN method, is able to achieve Dice scores at 95.11 for the vein
segmentation [20]. This statement reveals that U-Net based deep learning algorithm is an outstanding method in
segmentation the vein. However, the integration of U-Net, RNN, ResNet and deformable neural networks might be
complicated and heavy duty to be trained and thus might not be able to implement to venipuncture system in detecting
NIR vein.
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Another finger vein recognition system had compared between three semantic deep learning models, which were
U-Net, RefineNet and SegNet [21]. U-Net was trained on an SGD optimizer with learning rate of 0.08 for 300 epochs.
Similarly, SegNet was trained SGD optimizer with a smaller learning rate of 0.003 for 30,000 epochs. RefineNet was
trained on Adam optimizer with a much smaller learning rate of 0.0001 for 40,000 epochs. Each network used different
sets of training parameters which might lead to biased results, but it was notable that U-Net obtained the lowest EER in
overall and outperformed maximum curvature extraction technique.

Among these techniques, U-Net achieves an outstanding performance due to its capability and favourability
towards biomedical image segmentation. However, most of the previous U-Net developments focus on finger vein or
palm vein recognition for biometric verification purpose but no specific study was reported on Near Infrared (NIR)
subcutaneous vein extraction. Therefore, this paper proposed an improved U-Net model with simplified system
architecture for NIR subcutaneous vein extraction that tend to be used in automatic venipuncture machine for IV
insertion issue. One should be noted that the vein detection algorithm should be as simplified as possible in order to
implement into the real-world venipuncture machine.

3. Material and Method

3.1 Dataset

An in-house vein dataset that contains 8 sets of forearm images and their respective groundtruth collected by
Universiti Tunku Abdul Rahman is used to carry out intensive model training. Since it is a small dataset, data
augmentation is applied in each training to generate more than 20,000 augmented images to be inputted into the model
in a real time manner. Fig. 1 and Fig. 2 show the original image and some examples of augmented images respectively.

Fig. 1 - Examples of forearm images and their respective groundtruth

Fig. 2 - Examples of augmented images

3.2 Intensive Model Training

The training process is divided into three parts: 1) optimize model architecture, 2) data augmentation, and 3)
hyperparameters utilization. All the training generators contain training and validation subsets with a validation split of
0.3. Each data generator was inserted to the training process for real time augmentation during the model training to
train the different batches of augmented images in each epoch.
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3.2.1 Initial U-Net Architecture

During the first stage of model training, the original U-Net [17] is modified to specifically fit with the detection of
NIR vein features. For the expansion blocks of U-Net, instead of using up sampling layers as in the original architecture,
3x3 transpose convolution layers (Conv2DTranspose) with stride of 2 are used to carry out convolution in an opposite
direction using some parameters rather than simply scaling up the images. The output of transpose convolution can be
computed as follows:

o=(-1)*s+k-2p @

where o denotes output activation size of a transpose layer, i denotes the input dimension, s denotes stride, k denotes
filter size, and p denotes as padding.

Besides, batch normalization layers are added in the contracting path. The reason for adding batch normalization
layers between the convolutional layers and ReLU activation layers is to standardize the output of a layer before they
pass to the next block so that the covariance shift problem can be minimized and make the network training more
stabilized. The output layer is a 1x1 convolution layer with the application of sigmoid activation instead of SoftMax
activation in the original U-Net architecture. Another model optimization done is the use of Adam optimizer instead of
SGD optimizer in the original U-Net model as Adam optimizer is more robust to handle sparse gradients along with the
computation of individual learning rates for different network parameters. The initial modified U-Net architecture at this
stage is shown in Fig. 3.
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Fig. 3 - Initial modified U-Net architecture

3.2.2 Data Augmentation

Data augmentation was carried out to increase the amount of training data since the dataset obtained was small as
well as to avoid overfitting. The ImageDataGenerator class from Keras library was implemented to achieve data
augmentation with the augmentation techniques. Four combinations of data augmentation techniques were used to
conduct experiments to determine the most suitable combination of data transformation techniques. Table 2 showed all
the tested combinations techniques.

The pre-processing of the image augmentation was setup into three phases prior to image training. Firstly, each
augmented image, including the forearm images and groundtruth images, is resized into 256x256 pixels. Secondly, the
images are normalized by dividing the pixels with 255 so that the pixels ranged between 0 and 1. Thirdly, groundtruth
images are one-hot encoded using a predefined threshold to assign vein pixels with “1” and non-vein pixels with “0”.

3.2.3 Hyperparameter Fine-Tuning

The initial modified model is furthered trained on different hyperparameter settings including learning rates (0.001,
0.0001, 0.00001), activation functions (ReLU, ELU), and number of epochs (5, 10, 15, 25) in order to optimize the best
model performance. The best configuration of all these settings is determined to be used to calculate performance
metrics and subsequent hyperparameter fine-tuning.
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3.3 Lightweight U-Net Architecture

After intensive model training (Section 3.2), the initial modified U-Net model (as shown in Fig. 3) is further
simplified before hyperparameter fine-tuning by reducing the number of layers. The purpose of this optimization is to
reduce the risk of overfitting the training data. The complexity of the U-Net model was reduced by having the highest
filter size in the bottleneck layers as 512 instead of 1024 to trim down several hidden layers. The network architecture of
the proposed lightweight U-Net is shown in Fig. 4. Subsequently, the model is used for hyperparameter fine-tuning to
identify the optimum learning rate and retrain the model.
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Fig. 4 - Lightweight U-Net architecture

3.4 Unsupervised Vein Segmentation

Since the model works well on the supervised dataset, we explore its capability to extract vein pixels from an
unsupervised dataset collected at Universiti Tunku Abdul Rahman in which it contains only 31 subject forearm images
without groundtruth. The unsupervised dataset is more complicated than the original dataset as there is a larger
difference and more noises contained in the forearm images, such as wristband, thick dermis fur, and darker skin tone.
Fig. 5 shows some of the forearm images in the dataset.

The retrained hypermodel is used to predict and evaluate the performance of the proposed model in detecting vein for
real world application with this unsupervised dataset. Prior the model evaluation, we have selected 20 checkpoints per
forearm image in which the first 10 checkpoints are positive vein pixels while another 10 checkpoints are negative vein
pixels such as background pixels or wristbands. The checkpoints were chosen randomly from raw images, and it is used
to compare with the corresponding pixel in predicted output image (Refer to Fig. 7 (b)) to check the reliability of the
proposed model in detecting vein without bias where the comparison should achieve zero deviation. The checkpoints are
referring to the true vein pixels and false vein pixels from raw images (unsupervised dataset) as shown in Fig. 5, where
true vein pixels referring to the vein pixel while false vein pixels referring to non-vein pixel. Therefore, the checkpoints
are chosen from random direction including the main branch of the vein and also fork vein branches to ensure that the
result obtained is reliable. From the 10 positive vein pixels, we can calculate true positives (TP) and false negatives (FN)
to find out the how good the model can perform to extract the veins. While from the 10 negative pixels, true negatives
(TN) and false positives (FP) can be calculated to determine model performance on identify nearby machines or noises.
Lastly, these four measurements were used to compute the performance metrics including dice coefficient, accuracy,
specificity, sensitivity, and precision. The equations to compute the performance metrics are shown in section 4.3, Eqgn. 2
to Eqn. 6.
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Fig. 5 - Examples of forearm images in the unsupervised dataset

4. Experiments and Analysis

4.1 Analysis on Initial Model Training

Model training starts with the optimized U-Net that used Conv2DTranspose layers instead of original UpSampling
layers in the expansion path. The predicted vein image of the first optimized U-Net architecture contains noise in which
the forearm textures are wrongly extracted as vein features. The low dice coefficient score in Table | (model version 1)
indicates that this optimized model is less powerful to identify positive pixels correctly, resulting in a smaller overlap of
vein pixels between predicted vein image and groundtruth.

After that, the model is further optimized by adding batch normalization layers between convolution layers and
activation layers to standardize the input before entering subsequent convolutions. Batch normalization can maintain
the input with variance of 1 and mean of 0, resulting in less covariance shift issue and reduced the sensitivity of the
current layer towards the variations in input distribution. The dice coefficient score obtained is higher than the previous
optimized network architecture. Less noise is present in the predicted vein image, which indicates that the vein pixels
can be detected precisely as compared to the first U-Net model.

Table 1 - Comparison between optimized network architecture

Model Version Comparison Aspects Dice Coefficient

1 Replaced UpSampling layers with Conv2DTranspose 0.6239
layers.

2 Added Conv2DTranspose layers and BatchNormalization 0.7032
layers.

Next, the model is trained with different augmentation techniques to obtain the best data augmentation
combination that can extract vein features with the least noise while at the same time, retain most of the useful vein
features. It is decided that the first combination of data augmentation techniques would be used for subsequent
simulations because it has the most satisfied predicted output in terms of dice coefficient and groundtruth with the least
presence of noise and loss of vein features. The results of all data augmentation combinations are shown in Table 2
below.

Table 2 - Comparison between data augmentation techniques
Combination Comparison Aspects Dice Coefficient

1 rotation_range = 360,
width_shift_range = 0.05,
height_shift_range = 0.05,
shear_range = 0.3,
zoom_range = 0.3,
horizontal_flip = True,
vertical_flip = True,
fill_ mode = ‘nearest’

0.7032

2 zoom_range = 0.3,
shear_range = 0.3,
fill_mode = ‘constant’,
cval =0,
horizontal_flip = True,
vertical_flip = True

0.7895
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3 brightness_range = [-1, 1],
rotation_range = 360,
zoom_range = [0.5, 1.5],
horizontal_flip = True,
vertical_flip = True,
fill mode = ‘constant’

4 brightness_range = [-1.5, 1.5],
shear_range = 0.5,
fill_ mode = ‘nearest’,
rotation_range = 360,
width_shift_range = 0.2,
height_shift_range = 0.2

0.3671

0.3307

Then, the model is trained with different hyperparameters including learning rate, activation function, and number
of epochs. The model training that uses a learning rate of 0.0001 achieved the highest dice coefficient score and clearest
predicted groundtruth among all the learning rates. The model with the largest learning rate (0.001) performs slightly
better than the model with the smallest learning rate (0.00001), but both the learning rates have extracted unnecessary
forearm features as shown at upper left corners of the sample output images. These extracted noises might increase
complexity to localize the veins precisely. Since the learning rate of 0.001 has a higher dice coefficient than learning
rate of 0.00001, it can be assumed that the optimal learning rate lies between the range of 0.0001 to 0.001. This range
will be used in subsequent research for a proper learning rate fine-tuning.

For activation function, both ReLU and ELU activations reflect nearly similar amounts of feature information loss
from groundtruth. From a theoretical perspective, ReL U is favoured by most of the deep learning network because it
does not saturate in the positive region, resulting in less vanishing gradient effect. However, ReLU is still saturated in
the negative region. This might cause a large number of neurons to be inactive if most of the weighted inputs are
negative. As a consequence, the activation output is zero and network parameters are unable to be updated. ELU
resolves this issue by having negative saturation regions which enable neurons to produce negative activation outputs
instead of zero activation. Dead ReLU problem can be avoided and the negative activation outputs are able to update
network parameters in correct directions.

However, there is a lack of state-of-the-art models that implement ELU activation in their deep neural network
architectures. For example, U-Net architecture developed by [17] and [18] had just followed the existing
implementation of ReLU activation in their U-Net models because ReL.U is more well-established and more suitable to
be used than other activations in the hidden layers. Since the results of ReLU activation shows a higher dice coefficient
and there is not much research that supports the implementation of ELU activation, ReLU activation is more suitable to
be applied in this vein extraction U-Net model.

For number of epochs, the vein features learned by the model become more complete and clearer when the number of
epochs used increases. However, a model will face the risk of overfitting when it is trained with too many epochs [23].
From the learning curves shown in Fig. 6, it is assumed that the models had not overfitted the images since the training
and validation dice coefficients were close to each other, but this statement need to be further validated by independent
testing dataset. In this training section, since 25 epochs gives the most satisfied output, it is chosen to be applied in the
model.

Table 3 - Comparison between hyperparameters

Model Version Comparison Aspects Dice Coefficient
1 learning rate = 0.001 0.6498
2 learning rate = 0.0001 0.7032
3 learning rate = 0.00001 0.5330
4 activation = ‘relu’ 0.7032
5 activation = ‘elu’ 0.6529
6 epochs =5 0.7032
7 epochs = 10 0.7541
8 epochs = 15 0.8092
9 epochs = 25 0.8476
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dice coefficient

4.2 Analysis on the Refined Lightweight Model
A lightweight U-Net with less convolution layers is defined and fine-tuned to determine the possibility that the
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Fig. 6 - Dice coefficient learning curve when different numbers of epochs were used

original U-Net model might overfit the data, and to determine the performance of a smaller and less complex model in
extracting the vein pixels. From the results shown in Table 4, the lightweight U-Net has obtained a higher dice
coefficient, indicates that the simpler network in addition of fine-tuned hyperparameter (learning rate) is more robust in
extracting vein pixels.
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4.3 Evaluation on Model Prediction Using Unsupervised Dataset

Fig. 7 - Example of good vein extraction result (a) forearm image; (b) predicted output

Fig. 8 - Example of bad vein extraction result (a) forearm image; (b) predicted output

Fig. 7 above shows an example of model prediction result, in which this example shows a quite satisfying and
complete vein extraction. However, there are also a few outputs that show a poor extraction such as the example shown
in Fig. 8. This might be due to the existence of noise in the images such as forearm hair, dermis fat, and dark skin tone
that increase the complexity for the model to identify the true vein pixels. As can be seen in Fig. 8, the model has
extracted some forearm hair pixels as vein pixels, indicates that post-processing with length filter is needed to have a
higher specificity in recognizing the true veins from the image. The artifact such as hair can be further filtered by the
length and width of the extracted pixels because the true vein has a unique continuous tubular shape as compared to other
artifact’s features.

Table 5 - Results obtained for model prediction on unsupervised dataset

Performance Metric Result
Dice coefficient 0.8736
Global accuracy 0.8871
Specificity 0.9935
Sensitivity 0.7806
Precision 0.9918
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The result of model prediction on unsupervised dataset is shown in Table 5 above. There are 5 performance metrics
used to evaluate unsupervised vein segmentation performance, which are dice coefficient, accuracy, specificity,
sensitivity, and precision. The equations are listed as below:

Dice coefficient = ZT—P (2)
2TP + FP + FN
Accuracy = TP+ TN (©)

TP + FP + FN + TN

Specificity = _N 4)
TN + FP

Sensitivity = _ 5)
TP + EN

Pr ecision = L (6)
TP + FP

Referring to Table 5, the dice coefficient has improved compared to the training result. The accuracy has dropped by
approximately 0.1 as the model might still need to be improved in order to identify vein pixels especially in fork vein
branches besides the main vein branch. The model has achieved a relatively high specificity, indicating that it is highly
capable to predict non-vein pixels correctly. It can be deduced that the model can effectively minimize misclassification
of background pixels, such as patient’s forearm or surrounding backgrounds, as vein pixels. Besides, the sensitivity has
improved from 0.4856 from the original U-Net architecture to 0.7806, which explains that the capability of the
lightweight U-Net model in detecting positive vein pixels has been greatly enhanced. The high precision also indicates
that more than half of the positively predicted pixels are actually true vein pixels. A highly accurate model must have
both high recall (sensitivity) and precision [23]. In our experiment, we have successfully improved the model to achieve
both high sensitivity and precision by using the lightweight U-Net model.

5. Conclusion

This research project has applied deep learning algorithm to detect subcutaneous vein for intravenous procedures.
The optimum lightweight U-Net model has been employed and modified in order to segmentate the vein feature and the
predicted outcomes show a promising result with accuracy of 0.88, specificity of 0.99, sensitivity of 0.78, and precision
of 0.99. The experiment outcomes show a promising result on subcutaneous vein segmentation, and it can be concluded
that this algorithm improve the capability and performance of current venipuncture machine and reduce the error of
wrong vein detection. Thus, it can be concluded that the proposed algorithm can be applied in the venipuncture
machine to locate the vein for IV procedures. Since there was a lack of forearm vein datasets available, not to mention
the forearm vein datasets with groundtruth, because most of the vein datasets were made up of palm veins or finger
veins. To overcome the issue of limited biomedical data, the proposed model was first been trained on a supervised
vein dataset and then been evaluated using an unsupervised vein dataset. For each unsupervised forearm images, 20
checkpoints were selected from random directions to evaluate the extraction outcomes of true and false vein pixels by
comparing the values of the checkpoints between the unsupervised forearm images and the predicted outputs. However,
the checkpoints are chosen manually and carried out by human validation, a bigger pool of dataset with the
corresponding groundtruth is needed to further validate the robustness of the proposed algorithm in extracting NIR vein
accurately. Future work would attempt to improve the accuracy of the proposed model by acquiring a larger dataset for
training and evaluation of the network. This project’s next phase aims to further improve the performance by
optimizing the CNN methods and tested with a bigger pool of dataset.
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