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Abstract: The identification of vascular network structures is one of the key fields of research in
medical imaging. The segmentation of dorsal hand vein patterns form NIR images is not only the
basis for reliable biometric identification, but would also provide a significant tool in assisting medical
intervention. Precise vein extraction would help medical workers to exactly determine the needle
entry point to efficiently gain intravenous access for different clinical purposes, such as intravenous
therapy, parenteral nutrition, blood analysis and so on. It would also eliminate repeated attempts at
needle pricks and even facilitate an automatic injection procedure in the near future. In this paper,
we present a combination of unsupervised and supervised dorsal hand vein segmentation from
near-infrared images in the NCUT database. This method is convenient due to the lack of expert
annotations of publicly available vein image databases. The novelty of our work is the automatic
extraction of the veins in two phases. First, a geometrical approach identifies tubular structures
corresponding to veins in the image. This step is considered gross segmentation and provides labels
(Label I) for the second CNN-based segmentation phase. We visually observe that different CNNss
obtain better segmentation on the test set. This is the reason for building an ensemble segmentor
based on majority voting by nine different network architectures (U-Net, U-Net++ and U-Net3+, all
trained with BCE, Dice and focal losses). The segmentation result of the ensemble is considered the
second label (Label II). In our opinion, the new Label II is a better annotation of the NCUT database
than the Label I obtained in the first step. The efficiency of computer vision algorithms based on
artificial intelligence algorithms is determined by the quality and quantity of the labeled data used.
Furthermore, we prove this statement by training ResNet-UNet in the same manner with the two
different label sets. In our experiments, the Dice scores, sensitivity and specificity with ResNet-UNet
trained on Label II are superior to the same classifier trained on Label I. The measured Dice scores of
ResNet-UNet on the test set increase from 90.65% to 95.11%. It is worth mentioning that this article
is one of very few in the domain of dorsal hand vein segmentation; moreover, it presents a general
pipeline that may be applied for different medical image segmentation purposes.

Keywords: dorsal hand vein; segmentation; tubular structure extraction; ResNet-UNet; U-Net++;
U-Net3+

MSC: 68T45

1. Introduction

Information security and identification have become a crucial part of everyday life. Tra-
ditionally secured systems are not reliable enough and are vulnerable to brute force attacks.
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Instead of these conventional mechanisms, biometric physical or behavioral characteristics
are used for personal identification or in security systems. Although biometrics-based
identification is a complex task, its use is increasingly widespread. There are several well-
known biometric parameters related to physiological characteristics, such as DNA, face
recognition, iris, retina, hand geometry, palm print, fingerprint, palm vein, finger vein and
dorsal hand vein, or behavioral characteristics such as voice style, typing rhythm, signature
and its dynamics.

Blood vessel segmentation is a topic of great interest in medical image segmentation
because it can help in establishing the correct diagnosis, identifying adequate treatment
and planning the execution of surgery. In the literature, the most widespread vein segmen-
tation systems are applied on retinal vessel segmentation [1], liver vessel segmentation [2],
coronary vessel from angiogram images [3] or brain vessels [4]. The purpose of this paper is
not human identification, but the accurate segmentation of dorsal hand veins. These veins
are under the subcutaneous fat and are very difficult to detect, with only some parts of the
veins being located under the skin at a distance of approximately 3-5 mm. Observation
and, thereby, automatic detection of the vessels presents great difficulties, especially in the
obese. The veins on the surface can be better visualized in infrared light at a wavelength
of 700-1000 nm due to the differences in the absorption capacity of hemoglobin in vessels
compared to other surrounding tissues.

The aim of this paper is to propose and implement a robust dorsal hand vein seg-
mentation system that combines unsupervised traditional segmentation used as labels in
subsequent steps that boost the labels obtained initially with different U-Net-based CNN
methods. Currently, there are extremely few researchers [5,6] in the medical field concen-
trating on dorsal hand vein segmentation due to the lack of an expert-annotated database.

The role of the automatic segmentation of dorsal hand veins would assist nurses
and doctors in determining the precise placement of a needle for injection, a butterfly
needle for perfusion or a catheter. Automatic non-contact insertion of the needle would
not only eliminate multiple misplaced needle pricks, but also possible infection with
contagious diseases.

The main contribution of this article is an automatic segmentation of dorsal hand vein
NIR images from the NCUT [7] database. In every computer vision application, the results
obtained are greatly influenced by the quality and quantity of the images used. In our work,
we propose a two-phase automatic segmentation system that does not require manual
labeling. The creation of an overall accepted ground truth manually labeled by experts is
a demanding and time-consuming task, and still not perfect. In our paper, we combine
unsupervised traditional image processing techniques with supervised CNN segmentation.
In the first phase, we implement automatic segmentation using different geometric image
processing steps to detect the veins. This segmentation result is designated Label I. It is
known that more annotators can improve the quality and accuracy of annotation. Thus,
we wanted to improve the segmentation first obtained using supervised segmentation.
In the second phase, we apply an ensemble of different CNN networks adapted for vein
segmentation. The ensemble model obtained by supervised learning based on Label I
substantially corrects the initial labels. This result constitutes Label II. The improvement
between Label I and Label II is experimentally demonstrated by training the ResNet-UNet
model in the same way on both labels. The performance obtained shows an improvement
of approximately 5%, from a Dice score of 90.65% to 95.11%.

To the best of our knowledge, there are only two research papers in the field of dorsal
hand vein segmentation that apply CNNs. The two articles report a mIoU of 78.12% [5] and
a Dice score of 78.21% [6], both using other proprietary datasets instead of NCUT. All the
other papers in the literature neglect the rigorous segmentation of the veins; rather, they
concentrate on human biometric identification based on veins. Instead of segmentation
performance (overlap: mloU, Dice score), they measure human identification parameters:
FAR (false acceptance rate), impostor acceptance of or FRR (false rejection rate) rejection of
authentic matching. Our segmentation results are not comparable to authentication errors.
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The rest of the paper is organized as follows: after a short review of the currently
known dorsal hand vein authentication systems in the literature, the methods applied are
presented. First, an unsupervised vein extraction method is proposed, which is further
improved by two-phase supervised CNN segmentation. Finally, we describe our experi-
ments and results on the networks studied and adapted for dorsal vein segmentation. Here,
we are able to experimentally prove the effect of the two-phase boosting of labels used in
training. The article ends with the discussion and conclusions.

2. Related Work

There are several state-of-the-art vein recognition methods that involve the steps of
image acquisition, preprocessing, feature extraction and classification. In the domain of
biometric identification, the most used methods are based on shape or texture.

Shape-based methods extract the topological structures of the vessels, extracting seg-
ments, bifurcation and endpoints. This kind of local shape can be described using LBP [8],
PLBP [9], BGM [10] and the Width Skeleton Model [11]. In [8], the authors propose to combine
global and local shape representations using several techniques, such as the cross-sectional
profile of the veins, Gaussian matched filter, extraction of extreme points, skeletonization,
binary coding (BC)-based local binary pattern (LBP) and factorized graph matching (FGM).
Ref. [9] introduces partition local binary patterns (PLBP), where the image is divided into
subregions and partial LBPs are computed to extract uniform pattern features. In [10],
Biometric Graph Matching (BGM) is used to compare graph-like templates; this method
includes registration to the template, graph matching and distance computation. The final
identification is done using the k-Nearest Neighbors method. The Width Skeleton Model
(WSM) [11] is also a graph model that takes both the topology of the vessels and their width
into account.

The most important texture-based methods use various types of texture descriptors,
such as Gabor features [12], SIFT [13] or local keypoint matching features, such as Oriented
Gradient Maps (OGM) [14] or Centroid-Based Circular Keypoint Grid (CCKG) and fine-
grained matching [15]. Ref. [13] uses Contrast-Limited Adaptive Histogram Equalization
(CLAHE), Harris-Laplace corner detector and Scale Invariant Feature Transform (SIFT).
In [16], the distinctiveness of vein patterns and the surrounding textures is measured using
OGMs, and final matching is done through SIFT keypoint matching.

From the perspective of classification, the most widely used classifiers were unsuper-
vised methods such as k-NN [10] or its weighted variants and SVM [17] until the most
recent advances in the field of CNNs.

The convolutional neural network approach is not very widespread in this domain.
The CNNs known in the literature are used especially for hand vein-based recognition
and authentication, but not for segmentation. The reason is the lack of an annotated vein
database required for segmentation. All of the following articles use CNNs for personal
authentication with the NCUT [7] or other proprietary databases. Wang et al. [18] present a
four-layered (one conv. layer) RCNN and test the identification accuracy on a self-made
database. Li et al. [11] compare AlexNet, VGG-16 and GoogleNet for personal identification.
Wan et al. [19] describe a VGG-based and an ensemble CNN made up of a combination of
four SqueezeNet layers. Deep Hashing Networks (DHN) were first introduced in [20] and
used for dorsal hand vein-based feature extraction and matching with a simplified CNN
implementation [21]. In [22], the authors describe an identification system based on palm
and dorsal hand vein features using DHN and BGM or finger vein + fingerprint + face.

In recent years, deep learning, i.e., convolutional neural networks, has been used with
great success in medical image segmentation compared to traditional methods. The CNNs
used for object detection or localization, such as AlexNet, VGG, Inception, ResNet, Mo-
bileNet and others, were not suitable for image segmentation. Fully convolutional (FCN)
networks were adaptations containing two major parts, which are downconvolution (en-
coder) and upconvolution (decoder). These types of networks can aggregate context
features, capturing, in each stage, a reduced resolution of the original image. In this way, a
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pixelwise segmentation of the whole test image can be obtained over a single pass through
the trained network. The most important drawback in this case is the loss of information
during each convolution and pooling. The loss of detail leads to incorrect margins and
rough segmentations. The most widely used network in pixelwise segmentation is U-Net,
introduced in [23]. U-Net introduced so-called skip connections, which refined the features
in the upsampling part by concatenating the corresponding encoder feature map with
its decoder pair. Different types of U-Nets have been used to segment different organs
or tumors. U-Net is also applied in several engineering applications, such as manufac-
turing defects [24], fringe pattern denoising [25], concrete crack detection [26] and fluid
dynamics [27]. V-Net [28] was initially proposed for prostate segmentation, while 3D
U-Net [29] was aimed at kidney segmentation. The weighted Res-UNet [30] was proposed
first for retinal vessel segmentation; Recurrent Residual U-Net [31] was applied in lung
segmentation, skin cancer and retinal vessel segmentation; and H-DenseUNet [32] was
used in liver and tumor segmentation.

Recently, participants in the Medical Segmentation Decathlon Challenge [33] have pro-
posed general methods that test different types of architectures and different parametriza-
tion schemes that can generally be applied in several segmentation tasks. AutoML [34]
and nnU-Net [35] have the great advantage of not needing manual fine-tuning of the CNN
or its hyperparameters. They perform computations and set the parameter search space
based on the data (resolution), and test some of the extant CNN architectures and produce
a segmentation result based on the best ensemble obtained. This automated process is
extremely long-lasting.

The segmentation of vessels via convolutional neural networks is a computationally
complex problem. The above-mentioned CNN architectures can be applied only in super-
vised learning, where not only the original image but the expert gold-standard segmen-
tation is also provided. For retinal vessel segmentation [36], the DRIVE [37] and CHASE
DB1 [38] databases are the most widely used, containing 40 and 28 expert-segmented
images, respectively. Several architectural variants have been evaluated; for instance, U-
Net is used in [39]. The authors of [40] propose a pyramid self-attention-module, and
Guo et al. [41] segment the retinal vessels with a Residual Spatial Attention Network.

The subcutaneous veins (finger [42,43], palm [44] or dorsal-hand [7]) are usually
obtained from near-infrared images. The publicly available images used in the literature
have low contrast and low resolution, and only the superficial parts of the vein can be seen
and detected. They are not expert-annotated, and thus the segmentation with CNNs is only
possible through a combination of manual segmentation and traditional geometrical feature
extraction. In other cases, the original images and their annotations are self-acquired and
not available publicly for further comparison [43]. In palm print and palm vein recognition,
research is focused only on the distinction between impostor and genuine [45] or personal
identification [44].

In the domain of dorsal hand vein identification, traditional methods are the most
widespread, even nowadays. There are only a few systems that propose dorsal hand vein
recognition based on deep learning solutions. This article proposes AlexNet and VGG
combined with logistic regression for this purpose [19]. A fine-tuned VGG16 network was
proposed for human identification in [46]. A deep biometric hash learning framework has
been proposed for palm vein, palm print or dorsal hand vein recognition [47].

To the best of our knowledge, there are only two convolutional neural network ap-
proaches for the segmentation of dorsal hand veins, due to the lack of a corresponding vein
annotation database.

In [6], the authors propose a GAN network for obtaining dorsal hand vein image
segmentation. The generative part is a U-Net network, and no architecture for the two
discriminators is specified, only their inputs. One has input pairs of the original image x
and the segmentation y, requiring D(x, y) to be minimized. The other discriminator has
input pairs of the original image and the generated image G(x), where the D(x, G(X)) has
to be maximized. The article says nothing about the 50 images used in the training set and
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the 20 images in the test set. It similarly gives no information on how they obtained the
labels used in the generator network. It is probably a proprietary database with manual
labeling. The results of this article are compared with our experiments.

The authors of [5] propose a modified U-Net architecture for dorsal hand vein seg-
mentation. They describe a self-labeled, publicly unavailable database of 116 subjects and
1439 images. They obtain the labeling by hand, marking the vein part pixel by pixel. The
proposed architecture uses VGGNet as the backbone for feature extraction, an attention
mechanism made up of matrix multiplication and three bottleneck 1 x 1 x 1 layers, as
well as a U-Netup layer that combines feature outputs 4 and 5 in VGGNet. The results
obtained in this article are the best in the literature so far, and they are also compared with
our results.

3. Materials and Methods
3.1. The Database

The pipeline proposed in this paper is trained and evaluated on the NCUT (North
China University of Technology) Part A [7] dorsal hand vein dataset. This database contains
2040 near-infrared images of dorsal hands from 102 people, with 10 samples for both hands
of the subjects, aged between 18 to 29 years, of which 50 are male and 52 were female.
Every image has a resolution of 640 x 480 pixels on an 8-bit grayscale. The images have
been acquired using a CCD camera with an IR filter. The IR light can illuminate the
subcutaneous region to a depth of 3 mm. The blood absorbs more IR light than the skin,
which is why it appears as a darker valley compared to the skin. The vein, where it is
visible, is not very distinguishable from the surrounding bio-tissue. Furthermore, the
number of local features (endpoint, crossing point) is extremely limited, between 5 and 10.
Even though the equipment uses an IR filter, the images are of low quality because of the
circular illumination source, which introduces the so-called inhomogeneity into the images.
The veins near the margins are barely observable and not visible on the images. The central
part is very luminous, with the veins hardly discernible, while the margins are shaded and
barely detectable. However, the total intensity range is very restrictive. From the [0, 255]
grayscale intensity interval, the intensity domain of the dataset only extends to between
(101, 180].

3.2. Automated Unsupervised Labeling

The efficiency of computer vision algorithms based on supervised methods is deter-
mined by the quality and quantity of labeled data on which an iterative learning algorithm
can be trained. One of the most important tasks in machine learning is to obtain high-
quality annotations, often called the ground truth (GT). Generally, the ground truth is
obtained by precise manual annotation involving experts in the domain. The algorithms
are usually trained, validated and tested on different disjunct parts of the same labeled
dataset. Semantic segmentation is an image annotation technique that provides the cor-
rect label to each pixel of an image from the perspective of a given task. This technique
requires pixel-level classification, which is a laborious task and requires the right image
processing tools corroborated by expertise in the domain. Our automated labeling pipeline
is shown in Figure 1 and consists of the following three steps: preprocessing, vein structure
enhancement and segmentation.
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Figure 1. Automated labeling.

3.2.1. Preprocessing

An important preprocessing step in image segmentation is the correction of non-
uniform illumination and the elimination of shading artifacts. The efficient removal of
inhomogeneities can reveal information about veins that may be hidden due to artifacts
and noise. Intensity inhomogeneity may be considered as a spatially varying function that
alters image intensities expected to be constant through the image.

There are two main types of approaches applied to minimize intensity inhomogeneity,
namely the prospective and retrospective methods [48]. Prospective correction adjusts the
calibration and improves the image acquisition process. These types of deficiencies in the
image acquisition system can be reduced by a careful and accurate hardware setup process.
Retrospective methods are capable of correcting the intensity inhomogeneity that appears
due to the interaction of objects and light. These correction methods mainly rely on infor-
mation from the images acquired. In the image construction process, the corresponding
shading effects are described by a simple linear model, assuming that intensity inhomo-
geneity is a smooth multiplicative or additive field that alters the real image intensities.
The most widely used model is the multiplicative model with additive noise:

v(x) = u(x) - b(x) +n(x), @

where v(x) is the real image, u(x)—homogeneous image, b(x)—bias image, n(x)—noise
image.

The NCUT image database was acquired using simple hardware and without any
inhomogeneity correction. The vein segmentation process requires similar images without
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any noise or artifacts. Illumination correction is compulsory in this case because, in this
type of image, the center part is much brighter, and the illumination decreases towards the
margins. We had to apply one efficient algorithm to unify the illumination.

In our work, we corrected the inhomogeneity of intensities by applying the N4 algo-
rithm using standard settings. First, we transformed the intensity values into real numbers;
next, we filtered the spike noise using a Gaussian blur with sigma 2 pixels. The correction
works well when we define the region of interest (ROI). The ROI can be determined by
eliminating the background pixels. The ROl is further eroded because the margin of the
hand is very blurry and is in fact a transitional part. In this way, we obtained a binary mask
determining the ROI, which is used during subsequent processing steps. The results of
these operations are shown in Figure 2. The effect of the preprocessing steps on intensity
variations are analyzed in 1D along the visualized black line shifted over the whole image.
Inhomogeneity correction over the original image (Figure 2a) is shown in Figure 2b. We can
assess that there is a smooth variation in intensity values, and the valleys correspond to
detected veins. Unfortunately, minimum values differ from image to image, their values
varying over a wide interval. The differences between peak and valley can be further
amplified by applying the Contrast-Limited Adaptive Histogram Equalization algorithm
(CLAHE), shown in Figure 2c.

Figure 2. Preprocessing steps. (a) Original image and its profile; (b) inhomogeneity-corrected image
and profile; (c) CLAHE image and corresponding profile.

3.2.2. Vein Structure Enhancement (Tubular Shape Detection)

The next step in our pipeline is to delineate the most important veins in the prepro-
cessed images. A 2D grayscale image is considered as a surface in three-dimensional space,
where the pixel intensity value is the z coordinate. The shape of veins in three dimensions
is tubular and parallel to the hand plane. One of the best-known algorithms for extracting
a tubular shape is the principal curvature method [49]. This method is a filtering process
that detects tubular geometrical structures by evaluating the curvatures of surfaces. The
local behavior of a surface can be described by the first- and second-order derivatives
of intensity variations in each point of an image. The first-order derivative through the
gradient vector can be interpreted as the direction of the surface. The Hessian matrix, given
by the second-order derivative of the local intensity, shows the curvature structures in each
point I(x) = I(x,y)

21(5) — L (x) Ly (x)
Ve = [0 ) @
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where the second-order partial derivatives are Iyx(x) = %I (x), Ly(x) = %I (x),

Lx(X) = 5052 1), Ly (x) = %1@().

The Hessian matrix has two eigenvalues A1 and A and the corresponding eigenvectors
v1 and vy. The eigenvalues A and A; represent the principal curvatures along the principal
directions, and v and v, are the directions of the maximum and the minimum curvatures,
respectively. Supposing A1 > A, then v; is directed across the tubular direction, while
vector v, is directed along the tubular direction [50].

Since vessels appear in different sizes, it is important to introduce a measurement
scale that varies within a certain range. In linear scale space theory, the differentiation of a
function is defined as a convolution with derivatives of Gaussians [51].

aa_xL(x, o) =0"L(x) * G(x,0) ®)

where 7 is a normalization factor, ¢ is the scale of computation and G((x), ¢) is the corre-
sponding Gaussian function in D dimension and ¢ scale.

1 ¥
G(x0) = ———pe 27
2702

(4)

Namely, to obtain the partial derivatives of order n of a rescaled image I(xc), one only
has to convolve the original image I(x) with the corresponding partial derivatives of the
n-th order Gaussian G(x, ). Intuitively, the presence of a vein increases the difference
between the inside and outside of the region considered. This operation is achieved by the
second-order derivative of the Gaussian kernel. The ¢ parameter of the Gaussian is the
operation scale.

In this paper, we followed this approach for vein detection. In order to segment the
vein, we convolved dorsal hand images with the second-order derivative of the Gaussian
kernel at various scales ¢ and determined the Hessian matrix of each image point. The
eigenvalues A; and A; of the Hessian represent the principal curvatures along the principal
directions, and v; and v are the directions of maximum and minimum curvatures, respec-
tively. Supposing A1 > Ay, then v; is directed across the tubular direction and vector v, is
directed along the tubular direction [50]. The image created using the larger eigenvalues A4
of the Hessian matrix shows the tubular structures of the image at o scale. We proposed
to segment only the significantly visible veins of a certain width. The ¢ scale used is
determined experimentally by analyzing the images obtained at different scales in the
range of o = 2-12, shown in Figure 3.

Figure 3. Hessian images of the veins at different scales.

In each image, the veins can be distinguished, but the most realistic image is obtained
for a scale of o = 8. The image contour is also a tubular structure, which must be removed
for the next processing step. The contour is eliminated using the mask image obtained in
the previous preprocessing step.

3.2.3. Image Segmentation

Analyzing the previously obtained image, it is obvious that a simple threshold is suit-
able for extracting the veins. A thresholding level for all the images in the database cannot
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be adequate because the veins have different intensities over all the images. We had to
choose between several auto-thresholding methods. We determined that the threshold level
based on maximum entropy can be one of the most efficient methods for vein segmentation
in this particular image processing pipeline. The images resulting from previous steps are
histogram-equalized, masked and automatically binarized with the maximum entropy
threshold level. Figure 4 shows the 3 steps of image segmentation.

(a) Orig. (b) Hessian hist. eq.  (c) Masked Hessian (d) Thresholded

Figure 4. Image segmentation steps.

The final binarized image is the label obtained during this automated image processing
pipeline. All the parameters of the image processing procedure proposed are chosen after
rigorous visual evaluation of the images obtained at each step. The annotation process
presented is based on our expertise and knowledge in the domain of image processing.
To improve segmentation, multiple annotators should be used and the results should be
cross-checked, thereby eliminating mistakes and inaccuracies. In addition, more annotators
may improve the quality and accuracy of image segmentation. Our idea is to replace the
increased number of annotators with different probabilistic classifiers based on CNNs
being tuned in different ways.

3.3. Adapted Convolutional Neural Networks for Vein Segmentation

Deep learning-based semantic segmentation has been gaining more and more im-
portance in recent years, relegating traditional image processing methods and supervised
machine learning algorithms to the background. The convolutional neural networks used
for semantic segmentation were developed from the CNNs for image classification, object
detection with bounding box delimitation and region proposal networks. Out of these
applications and the networks, created especially for the ImageNet Challenge [52], sev-
eral architectures have been developed for pixelwise image segmentation. Overall, we
have studied the following best-known VGG [53] and ResNet [54] feature encoder net-
works originally used for object classification. In our experiments, we have made use of
pretrained weights from these networks and initialized the fully convolutional encoder—
decoder networks (FCN [55] and U-Nets [23]) with these weights. After applying transfer
learning in the encoder with convolutions and downsampling, we applied the same sym-
metrical deconvolutions or upsampling in the decoder part. We studied and adapted the
following CNNs for dorsal hand vein segmentation: adapted and tuned variants of U-Net,
VGGU-Net, FCN32, FCN8, ResNet-UNet, U-Net++ and U-Net3+.

3.3.1. U-Net

This U-shaped network was first introduced in [23] and is most often used for medical
image segmentation. The total number of convolutional layers is 23. Here, the input image
is grayscale and not RGB. The original article considers 5 different layer sizes (each being
half of the previous size) for the encoder, doubling from the current layer to the next in the
decoder. For each size, there are two convolutional layers, each using convolutional filters
of 3 x 3 and a ReLU activation function. The original input size is 572 x 572 x 1 pixels
(W x H x D). In the original U-Net [23], the input and output layer sizes are not fitted. The
input image size is 572 x 572 pixels, but the output is only 388 x 388 pixels. This means
an area reduction of over 54%. The feature-level output sizes on the 5 encoder stages are
572 x 572, 280 x 280, 136 x 136, 64 x 64 and 28 x 28. Each of these stages contains two
conv. layers of the same size. However, their depth doubles from one stage to the next. The
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depths of the subsequent conv. layers are 64, 64; 128, 128; 256, 256; 512, 512, and the greatest
depth of 1024, 1024 is attained on the smallest size of 28 x 28. The issue with the original
U-Net is the unfitted encoder—-decoder layers on each stage. The decoder layer sizes are
56 x 56,104 x 104, 200 x 200 and 392 x 392. These differences come from the application of
a 3 x 3 kernel size and a stride of 1. To be able to join the output of the corresponding stage
of the encoder to the input of the same stage of the decoder, a crop and copy operation
is needed. Thus, 64 x 64 is cropped and joined to a 56 x 56 layer, and in the same way,
136 x 136 to 104 x 104; 280 x 280 to 200 x 200 and finally 568 x 568 to 392 x 392. This
cropping represents a 23%, 41%, 49% and 52% loss of information due to area cropping. To
maintain the input-output sizes in each stage, a filter size of 3 x 3 is used in our case, with
a stride of 1 and the zero-padding also set to 1. This setup will maintain the dimensions
(before and after every convolution layer), leading to the concatenation of same-sized layers
in the encoder to the corresponding layer in the decoder. Respecting these adjustments,
for an input of W x H, the same W x H output can be obtained by our implementation.
The 6-stage layer setup in our implementation has an input of W x H = 640 x 480 pixels.
Stage 1 consists of two conv. layers of 640 x 480 x 64, followed by a 2 x 2 max-pooling for
halving the dimension. Stage 2 has a size of W /2 x H /2, with one conv. layer of depth 64.
Stage 3 is W/4 x H /4, and the four consecutive convolutions are of depth 64. Stage 4 has a
dimension of W/8 x H/8 and all 4 conv. layers are of depth 128. Stage 5 has 4 conv. layers
of depth 256. The very last stage in our case is 20 x 15 pixels with 2 conv. layer depths of
512 and 512. The decoder part has the corresponding structure, but, instead of convolution
layers, we use transpose convolutions to double the size of the previous stage. In this way,
the cropping operation of the original U-Net becomes useless because the concatenation
joins layers of the same size every time. Figure 5 presents the layers in our case.

128 convd )
upsampled ||/

=
S\ 64 64 64 64
S conv3

6/4f;; “ 6donvl

convl - upsamplel Softmax
Figure 5. U-Net for vein segmentation. Orange layer is convolution layer, red is max-pooling, blue is
upconvolution and purple is softmax.

3.3.2. VGG-UNet

The VGG was the best architecture at the ImageNet Challenge in 2014, invented by
Oxford’s Visual Geometry Group [53]. The most important idea in this simple linear network,
containing the usual building blocks of CNNSs, is the use of 3 x 3 convolutional filters
in each layer. They use two or three stacked convolutional layers for every stage. The
stages are considered layers of the same size. A transition from one stage to the nextis a
downsampling by a factor of 2, obtained by max-pooling. The first 13 layers are the encoder
part. This is made up of two conv. layers with a depth of 64 on the original size. The next
two conv. layers consider the input in half size both in height and width and double the
depth to 128. The next three layers on 1/4, 1/8 and 1/16 of the original dimension are
made up of 3 stacked conv. layers, each having a depth of 256, 512 and 512, respectively.
Each conv. layer is batch-normalized and their outputs are passed though ReLU activation
functions. After the activation function, the spatial resolution is preserved, which means
that the stride is 1 and the zero-padding is also 1. The decrease to half from one layer to
the next is obtained by 4 max-pooling layers, each having a 2 x 2 kernel and a stride of
2. After the last conv. layer comes another (the 5th) max-pooling. Thus, the dimension of
the last encoding layer is 1/16. The decoder part is obtained with symmetrical transpose
convolution layers of depth 512, 256, 128 and 64. In our approach, we used the encoder
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part of the VGG and created the decoder in the same manner as U-Net does. The proposed
VGG-UNet used in our experiments is shown in Figure 6.
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InputLayer Conv2D MaxPooling2D  ZeroPadding BatchNorm  UpSampling2D Concatenate Split

Figure 6. VGG-UNet for vein segmentation.

3.3.3. Fully Convolutional Network

FCN [55] is a fully convolutional network that uses the VGG-16 network in the encoder
part. The first 13 layers remain the same in VGG-16. Instead of being fully connected (FC),
they were converted to fully convolutional layers. The upsampling part is done using
deconvolution layers. There are three different versions of upsampling according to the
measure of upsampling (FCN32, FCN16 and FCNS). After 5 max-pooling layers of VGG-
16, the last conv. layer size is W/ 25 x H/25, where W and H are the input image width
and height. Therefore, to increase this 1/2° size back to the original size, the transposed
convolution layer must have a stride of 32 (FCN32). This abrupt upsampling is not very
successful. The edges of the segmentation result are blurred and rough. The second FCN16
version tries to correct this error in one step. This means that the output combines the
partial outputs of the 1/16 sized layer (after the 4th max-pooling) and the 1/32 sized layer.
This sum is only possible if the dimensions of these two layers are brought to the same size.
Accordingly, the 1/32 sized layer is first upsampled by 2, which results in a dimension of
1/16W x 1/16H, which is the same size as the output of the 1/16 sized layer. The next step
is the upsampling of this sum of two layers 16 times to obtain the original W x H image.
However, the best result out of these three FCN versions is obtained using FCN8, which
combines the partial output of the last layer (1/32), the penultimate (1/16) and the one
before it (1/8). Thus, to bring all of them to the same size, the 1/32 layer is upsampled
4 times, the 1/16 twice and the 1/8 is left unchanged. The sum of these three layers is
then upsampled 8 times to obtain the original image. The upsampling is obtained each
time using transpose convolution with a stride of f, where f is the upsample rate. Figure 7
shows the layers in our case.

O oD 4096 1096
51512 S fc to conv

2 32
512 softmax

Figure 7. Fully convolutional network (FCNS8) for vein segmentation. Orange layer is convolution
layer, red is max-pooling, blue is upconvolution and purple is softmax.
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3.3.4. ResNet—UNet

ResNet networks were introduced in [54]. The authors solved the problem of very
deep networks, namely 16 and 30 convolutional layers. The more layers that were added in
a deep neural network, the worse its performance and accuracy became. This happened
owing to the vanishing or exploding gradient problem, which led to a non-convergent CNN
network, and the increasing number of layers made the training process more difficult to
optimize. They addressed this problem by introducing the deep residual building block.
This block only learns the residual between the input and output using a so-called residual
block R(x) = Out(x) — x, where x is the input of the residual block and Out(x) is its output.
In other words, Out(x) = R(x) + x. Thus, instead of optimizing the input-output mapping
with convolutional layers, they use a bypass connection and the identity is mapped directly
to the output, which means that only the difference (residual) between the input and output
is optimized and estimated by 2 or 3 stacked convolutional layers. In this way, the limit
of 16 layers is surpassed and they introduce very deep networks with 18, 34, 50, 101 and
152 conv. layers. Every conv. layer is batch-normalized and undergoes ReLU activation.

Our experiments for vein segmentation used the ResNet50 architecture, which consid-
ers 5 different sizes, each being half the size of the previous. Input size is 640 x 480 x 1 pixels.
The first conv. layer uses a kernel of 7 x 7 with depth 64, stride 2 and padding 3, resulting
in an output size of 320 x 240. This is followed by a max-pooling layer of stride 2 and
padding 1, meaning an output size of 160 x 120. For this size, there are two residual blocks,
each containing 2 — 2 conv. layers with 3 x 3 filters and a depth of 64. Here, the depth of
all four layers is 64, while the output size is 160 x 120. These 4-layered residual blocks are
repeated three more times (four times in total), obtaining an output of 80 x 60 and a depth
of 128 for the second residual block (RB2), followed by the third RB3 with an output of
40 x 30 and a depth of 256, and the last RB4 with a 20 x 15 output and a depth of 512. In
our ResNet-UNet, the encoder part was previously described as ResNet50. The decoder is
symmetrical, containing transpose convolutions and concatenation in a U-Net-like manner.
Figure 8 presents the layers in our case. We created Figures 6 and 8 using the Net2Viz [56]
platform.

InputLayer

HiH

Group

Conv2D

kH

Group

MaxPooling2D ZeroPadding BatchNorm UpSampling2D  Concatenate Split Activation Add
i H il HH HH HiH HiH
Group Group Group Group Group Group Group

Figure 8. ResNet-UNet for vein segmentation.

3.3.5. U-Net++

U-Net++ [57] is a variant of the U-Net encoder—decoder architecture, but it uses full-
scale skip connections. These have the advantage of combining low-level details of early
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layers with high-level features of deeper layers, aggregating feature maps at different
scales. This type of skip connection corrects the disadvantage of U-Net—namely, obtaining
only an approximate boundary segmentation because of the encoder-decoder down- and
upsampling, respectively. In this case, the boundary of the segmented region becomes
clearer. The details are obtained based on the interconnection between the encoder and
decoder as in the simple U-Net, but there are also intra-connections between decoders. The
architecture of U-Net++ can be seen as a right upper triangular architecture where the main
diagonal elements are the encoder layers and the second, third, fourth and fifth diagonals
are upconvolution layers, similar to those in U-Net.

In our case, the input layer is of size (640,480,1) and the encoding layers are convo-
lutional layers of filter size 3 x 3 with padding and stride 1. The layers of the encoder
are: Encgp(640,480,64), Enci(320,240,128), Encyy(160,120,256), Encsy(80,60,512) and
Encyp(40,30,1024). The triplets represent the width x height x depth of feature maps. Be-
tween each of these layers, there is a maxpool layer. The intermediate layers Int are trans-
pose convolutions in our case, with kernel size = 4, padding and stride = 1. The second main
diagonal is Inty; (640,480, Encog + upconv(Encyg)), Int11(320,240, convyg + upconv(Ency)),
Inty (160,120, Encyy + upconv(Encsp)), Decsy (80,60, Encsy + upconv(Encyg)). The third
main diagonal is Inty (640,480, Encoy + Inty; + upconv(Intyy)), Int12(320,240, Encyg +
Int11 + upconv(Intyy)), Decyy (160,120, Encyy + Inty; + upconv(Intsy)), the fourth diago-
nalis Inty3(640,480, Encog + Intg + Intgp + upconv(Intyy)), Deci3(320,240, Encig + Intyq +
Intyy + upconv(Decy,)), and the last diagonal is Decys (640,480, Encog + Intg; + Intgp +
Intoz + upconv(Decip)). The final decision layer is the responses of Intyy, Intgy, Intgs,
Decyy, each sent through a separate convolutional layer of depth 64. The final decision map
is divided by 4 in order to obtain a mean value as a response; see Figure 9.
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Figure 9. Our implementation of U-Net++.

3.3.6. U-Net3+

U-Net3+ [58] is a redesign of U-Net++ that combines all the smaller and same-sized
feature maps of previous layers into the encoder, and all larger feature maps into the decoder.
Here, the intermediate layers are eliminated, but there are more direct skip connections, mean-
ing one from every encoder to every equal or smaller decoder. The 1x,2x,4x or 8x down-
sampling is solved using a corresponding maxpool layer and of course a convolution layer,
batch-norm layers for regularization and ReLU as the activation function. The encoding
layers are the same as in U-Net++, while the computation of the decoding layers is different,
reducing the number of parameters drastically. Figure 10 shows the architecture of U-Net3+.
The DEC3; is obtained from 4 feature maps DEC3;(80, 60, upconv(DECyy = ENCyg) +
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ENCz + poolyxpconv(ENCap) + poolsy s + conv(ENCqg) + poolgxgconv(ENCyp) ). The gen-
eral formula for computing the decoder part is:

. . 4 i—1
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Figure 10. Our implementation of U-Net3+.

In this case, the only layer used for computing the loss is DECy4, which is fed into
a convolution layer obtaining an output feature map of (640,480, numclass). Finally, the
softmax converts the feature map into a probability map. This probability map and the
one-hot-encoded label image are compared using different types of loss functions and
optimization algorithms during the training process. The weights of the CNNs presented
are iteratively corrected using the training loss with different optimization algorithms,
applying a backpropagation algorithm.

3.3.7. Loss Functions

In this section, we describe in detail the different types of loss functions used in our
experiments. The cross-entropy or joint entropy of two discrete probability distributions p
and g of a given random variable is:

n

H(p,q) = —% Y p(xi)log(q(x;)) 6)

i=1

This is in fact the number of additional bits to represent an event using g instead of p. For
classification, p(x;) is the target value y; and g(x;) is the predicted value §;. For binary
cross-entropy, we have two classes and a random variable, which takes a value of 1 (i;) with
probability y; and the value of 0 (1 — ;) with probability 1 — y;. The binary cross-entropy
weighted by the coefficient B is:

f (Byslogd; + (1— B)(1 - y)log(1 — 1), )

i=1

Lpce =

3\»—\
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where f =1 — W Z T If B is subunitary, false positives are reduced; if supraunitary, false

negatives are reduced.
The Dice coefficient, or Dice-Serensen coefficient, is a common metric for pixel seg-
mentation that can also be modified to act as a loss function:

LDiceC = Zceclass (1 - DSCC) (8)

The DSC, denotes the Dice score from the perspective of a given class c. The Serensen
index equals twice the number of elements common to both sets divided by the sum of the
number of elements in each set.

21XNY|

DSC= ~—~——:,
| X|+1Y]

©)
where | - | is the cardinality of the set (namely, the number of elements in each set); in binary
case, it can be expressed as:
i
psCc =YY (10)
y+y+e

In practice, a smoothing score € is introduced in the nominator to avoid division by 0.
It measures the similarity of 2 overlapping areas and is similar to IoU or the Jaccard

coefficient:
_|XnY|  DSsC

~|XUY| 2-DSC

J (11)

The focal loss is a modification of the Lpcr, where a modulating factor is added to the power
of 7; v is a focusing factor and it means that well-classified examples are downweighted:

S

LF ocal = —

n

(vi(1 = ;)" log g; + (1 — y;)9] log(1 — 7)) (12)
i=1
If an example is misclassified, the (1 — ;)" factor is almost 1, and if an example is well
classified, the factor tends towards 0. Thus, well-classified examples play a minor role in the
total loss. In our experiment, the v = 2. This type of loss yielded better convergence of the
CNNs and reached the same accuracy values and Dice score on the vein in fewer epochs.

4. Experiments and Results

In this work, we propose to create a fully automated system for dorsal hand vein
segmentation for NIR images. The main contribution of this paper is the boosting of the
labels obtained using geometry-based image processing methods and correcting them
via multiple U-Net networks. The boosted labels facilitate better segmentation via CNN
training. The novelty of this paper is a two-stage CNN-based segmentation. First, multiple
networks were trained on labels obtained without supervision. In this step, we have chosen
the U-Net, U-Net++ and U-Net3+ networks with different loss types to reevaluate labels
and decide on new labels. Secondly, the ResNet-UNet network was chosen to be trained
on both labels. The more accurate Dice scores demonstrate the relevancy of boosting the
labels. The method presented is useful, especially in the absence of precisely annotated
ground truth labels made by experts. However, the pixelwise annotation of medical data,
particularly vein images, is very tiresome and requires accurate pixelwise annotation from
expert physicians.

The pipeline (Figure 11) of our boosted segmentation method is as follows.



Mathematics 2022, 10, 2620

16 of 31

M select best networks
: Phasel from FCN VGGUNet,

Labell ResNetUMet
Unsupermvised -
B ———PeseniChNe )| ' ovamtion ::> o
Geometric method

select 9 best networks
from UNet, UNet++
UNet3+

Label |
Unsupervised . ] )
g S S
Geometric method
Phase 2
Label Il :
New labels via - ) _ :
ensemble of CNN  —— % RQLEQ'LQNH y Segmesngipé}n Dice :
segmentation :

Figure 11. Pipeline for the system.

Phase 1 (upper part of our pipeline) represents the training and evaluation of different
types of segmentation networks to determine which is best suited for vein segmentation.
The segmentation performance of the networks studied is evaluated and measured, com-
paring them to the labeled images described in Section 3.2. These labels are denoted
Label L.

In phase 2, the labels obtained before are boosted using an experimentally defined
group of networks that proves to be sufficiently accurate and has a more complex archi-
tecture with better generalization properties. The segmentation thus obtained is named
Label II. The best networks not included in the creation of Label II are trained for these
more accurate labels, and their segmentation performance is measured and compared to
the same networks, but trained on Label I instead.

In our experiments, the original training dataset from NCUT [7] was augmented using
well-known augmentation steps. From every image, we generated 10 other augmented
images, applying a random scale between 80 and 120%, a crop and padding to the original
size, a translation of 5-10%, horizontal and vertical flipping with a probability of 50%
and 20%, respectively, a rotation of +45° and shearing of £10°. Each image was aug-
mented using different and randomly selected methods. In this way, we obtained a total of
10 x 2040 = 20,400 vein images.

The datasets obtained in this manner were split into training, validation and test sets
in a proportion of 60%, 20% and 20%. We tried both two-class segmentation considering
vein and background and three-class segmentation, taking into account vein, hand and
background separately, motivated by the different grayscale levels of hand and background.
The hand is usually light gray and the background black or masked into black. For both
two-class and three-class segmentation, we computed the masks for all the images and
annotations. The masking process was described in detail in Section 3.2. Figure 12 shows a
sequence of the augmented original images and their pairs of augmented segmentations.
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Figure 12. Different augmented images of the original image (first column), augmented images
(first row) and corresponding labels (second row).

During our experiments, we compared different variants of segmentation networks
fine-tuned and adapted for dorsal hand vein segmentation. The role of creating different
types of segmentation architectures was to determine the architecture and hyperparameters
of the networks that are suitable for vein segmentation. All these networks were trained on
the labels annotated with no supervision (Label I) and proved to have a high capacity for
generalization. The first set of networks that were trained were VGG-UNet, FCN32, FCN8
and the ResNet-UNet architectures. Out of these architectures, we determined the most
suitable network for our purpose of vein segmentation. The second set of networks that
were trained were U-Net, U-Net++ and U-Net3+. The role of these networks was to build
an ensemble segmentor.

The components of a single CNN training process are shown in Figure 13.
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Predict
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Validation
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alidation
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Our first group of experiments compared four CNN networks adapted and trained for
vein segmentation: FCN32, FCN8, VGG-UNet and ResNet-UNet. All four architectures
were trained on the NCUT augmented dataset, with 12,240 images in the training set,
4080 images in the validation and 4080 images in the test set, respectively. The training
process ran for 100 epochs, with a batch size of 16. The optimization algorithm was
Adadelta, set to an initial learning rate of 0.1 and a decay rate of 0.95. Adadelta is an
extended and more robust version of Adagrad. Instead of considering all past gradients, it
considers the moving average of the previous gradients. In this way, it adapts its learning
rate by considering a fixed-size moving window. With this type of optimization, Adadelta
continues to learn, even after many update steps in iterations and epochs. The networks
were optimized on the weighted DSC loss with a weight of 93/100 for the vein pixels 7/100
for the background pixels.

The Dice similarity score (DSC) measures the overlap similarity between the result and
the target label. In our case, it measures the similarity between the segmentation obtained
via CNN supervised learning and the unsupervised labels. The DSC is computed in every
epoch and for each of the 765 iterations per epoch. It is computed for every image in the
16-sized batch:

Figure 13. Training process of a single CNN.
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2|CNNSegr N Label|

D =
SCi |CNNSegy| + |Label;|

(13)

The Dice loss is computed from the mean Dice score (Equation (8)), and the mean Dice
score is the mean over all images.

mDSC = ) DSC; (14)
Ielmages

The Dice loss is Lpgc = 1 — mDSC. We have trained one of the networks studied both on
weighted and unweighted Dice loss. The introduction of weights into the loss computation
improves the training process considerably. The role of minimizing the CNN architecture
on the weighted Dice loss is to balance the quite unbalanced NCUT dataset. On average, the
total number of vein points was 6.8% of the image. This consideration led to us introducing
a weight of 93/100 for vein pixels and 7/100 for the background (skin and black background
pixels in total).
In the case of weighted Dice loss, the formula can be written as:

DsC 2Y ceci—{o,1} weight:|CNNSeg; N Label,|
wn N ZIGI’”“S@S Yeeci—{o1} weight:(|CNNSeg| + |Label;|)

(15)

Figure 14 and Table 1 show the accuracy of ResNet-UNet trained with unweighted and
weighted Dice loss. It is clear that the unweighted loss performs 4-5% worse. The results
only refer to the test set.

ResNet-UNet unweighted Dice loss ResNet-UNet weighted Dice loss
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Figure 14. Comparison of ResNet-UNet network trained with unweighted Dice loss and weighted
Dice loss.

Table 1. Results of the ResNet-UNet trained with unweighted and weighted Dice loss.

ResNet-UNet Unweighted Loss ResNet-UNet Weighted Loss

Dice Sens Spec Dice Sens Spec
Max 0.9032 0.9382 0.9497 0.9472 0.9864 0.9994
Q3 0.8811 0.8946 0.9479 0.9233 0.9379 0.997
Mean 0.8631 0.8523 0.9449 0.9065 0.9046 0.9937
Q1 0.8512 0.8204 0.9429 0.8977 0.8753 0.9917
Min 0.7032 0.6076 0.9228 0.7413 0.7058 0.9749
Std 0.0274 0.0543 0.0043 0.0268 0.0487 0.0045

After setting the most suitable hyperparameters for all the networks, the four segmentor
networks that were compared were the FCN32, FCN8, VGG-UNet and ResNet-UNet, all
with weighted Dice loss. Figure 15 illustrates the training process. As can be seen, FCN8 and
FCNB32 are slightly worse in training than VGG-UNet and ResNet-UNet. The training and
validation accuracies for all four networks are presented in Table 2 and Figures 15 and 16.
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Figure 15. Loss and accuracy of FCN32, FCN8, VGG-UNet and ResNet-UNet networks in training.
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Figure 16. Loss and accuracy of FCN32, FCN8, VGG-UNet and ResNet—UNet networks in validation.

Table 2. Accuracy of networks FCN32, FCN8 and VGG-UNet in training and validation.

acc. val_acc. acc. val_acc. acc. val_acc. acc. val_acc.
Epoch FCN32 FCN32 FCN8 FCN8 VGG-UNet VGG-UNet Res-UNet Res-UNet
1 0.8560 0.9413 0.5753 0.6723 0.8128 0.9450 0.8736 0.9461
10 0.9516 0.9516 0.9740 0.9762 0.9768 0.9779 0.9807 0.9810
20 0.9558 0.9561 0.9781 0.9790 0.9799 0.9774 0.9831 0.9832
30 0.9585 0.9592 0.9791 0.9793 0.9817 0.9797 0.9840 0.9842
40 0.9659 0.9685 0.9797 0.9804 0.9824 0.9818 0.9847 0.9844
50 0.9703 0.9699 0.9801 0.9807 0.9830 0.9821 0.9851 0.9850
60 0.9732 0.9731 0.9804 0.9809 0.9836 0.9840 0.9854 0.9851
70 0.9751 0.9738 0.9806 0.9809 0.9839 0.9837 0.9857 0.9847
80 0.9766 0.9753 0.9807 0.9814 0.9843 0.9843 0.9859 0.9856
920 0.9777 0.9778 0.9809 0.9817 0.9847 0.9845 0.9861 0.9841
100 0.9786 0.9778 0.9813 0.9819 0.9850 0.9814 0.9863 0.9852

We compared not only the losses during the training and validation processes, but the
segmentation performance of these four networks as well, which we deemed the most im-
portant. We can draw the following conclusions based on the Dice scores, sensitivities and
specificities measured on the test tests: FCN32 is the worst network in this case, with a Dice
score of only 0.8024, followed by FCN8 (Dice = 0.8271) and VGG-UNet (0.8594). The best
segmentor network out of the four shown is ResNet-UNet (Dice = 0.9065). We measured
the Dice score, sensitivity (TPR = true positive rate) and specificity (TNR = true negative
rate) for our segmentations for further comparison (Table 3 and Figure 17).

Table 3. Performance measures of FCN32, FCN8 and VGG-UNet.

FCN32 FCNS8 VGG-UNet
Dice Sens Spec Dice Sens Spec Dice Sens Spec
Max 0.8748 0.9728 0.9741 0.8698 0.9307 0.9593 0.9071 0.9598 0.9647
Q3 0.8379 0.8611 0.9719 0.8466 0.8725 0.9552 0.8850 0.9202 0.9622
Mean 0.8024 0.789 0.9523 0.8271 0.8373 0.9516 0.8594 0.8677 0.9569
Q1 0.7785 0.7257 0.9506 0.8150 0.8077 0.9486 0.8493 0.8328 0.9539
Min 0.5869 0.4611 0.7219 0.6674 0.6701 0.9256 0.6367 0.6078 0.9167

Std 0.0498 0.0989 0.0364 0.0300 0.0483 0.0052 0.039 0.0655 0.0074
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Figure 17. Boxplot comparison of FCN32, FCN8, VGG-UNet and ResNet-UNet.

Figure 18 shows a segmentation result from these four networks.

(d) FCN8 (e) VGG-UNet (f) ResNet-UNet

Figure 18. Segmentation results of the networks trained.

Based on the segmentation results and training time, we decided to continue our
experiments with the best network obtained only, namely ResNet-UNet, having the best
Dice score of 0.9065.

By analyzing the segmentation results visually, we observed that the best networks
detected supplementary veins or connected discontinuous regions by joining them, or even
eliminated incorrect patches considered noise in Label I. We drew the conclusion that Label
I obtained without supervision should be over-evaluated via training some other good
networks and computing their ensemble response. In this second group of experiments,
we considered three different CNN architectures (U-Net, U-Net++, U-Net3+) not used in
the first experiment, and for each one, three different loss functions (BCE loss, Dice loss
and focal loss) were computed in the optimization phase.

Figure 19 shows an example of the segmentation obtained by the three network
architectures with Dice loss.
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(d) U-Net2+ (e) U-Net3+ (f) Ensemble

Figure 19. Visual comparison of U-Net, U-Net++ and U-Net3+ with Dice loss.

We have chosen these architectures for relabeling because they are even more complex
than the FCN or VGG-UNet networks. U-Net++ and U-Net3+ have a greater capacity
for generalization and similar performance on Label I compared to ResNet-UNet. The
advantage of these architectures, selected to obtain the ensemble network, is the multiple
interconnectivity between layers to consider more complex feature maps at each stage,
leading to accurate segmentation.

In this way, we have created nine differently trained architectures. The segmentation
responses from these networks were used to create the ensemble. The final response of the
ensemble is considered as the new labeling of veins (Label II).

The hyperparameters of the U-Net, U-Net++ and U-Net3+ architectures are: a learning
rate of 0.001, the Adadelta optimizer, 100 epochs and different losses—BCE, Dice or focal
losses. For the focal loss, the learning rate had to be changed to 0.0002. The batch size is 8
for U-Net, 4 for U-Net++ and 2 for U-Net3+.

The comparison of the different loss functions can be seen in Figure 20, showing the
Dice scores, sensitivity and specificity of every network from each of the nine architectures.
The last box gives the performance of the ensemble network.

Dice scores on the test set
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Figure 20. Cont.
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Figure 20. Boxplot comparison of the 9 networks and ensemble on images of the test set.

According to the Dice scores, sensitivities and specificities, focal loss is the best loss
out of the three losses studied. The progress of focal loss on the three architectures during
the validation process is shown in Figure 21. All three networks perform visibly well, but
the best validation performance is given by U-Net3+.

Focal loss
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3.2
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Validation loss
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e |J-N et U-Net++ U-Net3+

Figure 21. The progress of focal loss during training for the validation set.

The majority voting of the ensemble of nine networks was what defined the new label,
namely Label II. Figure 22 shows an example of differences between the original label
(Label I) and the new label (Label II). The Dice coefficient between the old labels and the
new labels is 0.8872. Clearly, all three networks detect more vein regions, especially at
the borders, and furthermore, U-Net2+ and U-Net3+ also detect continuous vein regions,
linking perhaps discontinuous vein parts in Label I. The first row in Figure 22 shows the
original image and the segmentation obtained by U-Net, U-Net2+ and U-Net3+. Row 2
shows Label I and the differences in row 1 segmentation to Label I. Row 3 shows the
ensemble segmentation (Label II) and the differences in row 1 segmentation to Label II.

Our last group of experiments proves the assumption of this article—namely, that the
slightly inaccurate segmentation obtained by unsupervised traditional image processing
techniques can be improved by applying an ensemble of multiple CNN networks trained
on the labels obtained in previous steps.

We trained our best ResNet-UNet network using the same training parameters and
the most common loss function, the Dice loss and the best loss obtained in our previously
described experiment, namely the focal loss. All the other hyperparameters were set to the
same as previously. The results, as expected, show a 2-5% improvement in the Dice score
on Label II compared to Label I. Table 4 and Figure 23 show the results on Label I for both
Dice and focal losses. Table 5 and Figure 24 show the results on Label II for both Dice and
focal losses.
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(a) Orig. (b) U-Net segm. (c) U-Net2+ segm.  (d) U-Net3+ segm.

(e) Label I (f) U-Net—LabelI (g) U-Net2+—LabelI (h) U-Net3+—Label I

(i) Label IT (j) U-Net—Label I (k) U-Net2+—Label II (1) U-Net3+—Label II

Figure 22. Visual comparison of U-Net, U-Net++ and U-Net3+ and their differences in Label I and
Label II.

Table 4. Test set results of the ResNet-UNet network trained with Dice or focal loss in phase 1.

ResNet-UNet Dice—Label I ResNet-UNet Focal Label I

Dice Sens Spec Dice Sens Spec
Max 0.9472 0.9864 0.9994 0.9604 0.9941 0.9992
Q3 0.9233 0.9379 0.9970 0.9333 0.9586 0.9966
Mean 0.9065 0.9046 0.9937 0.9145 0.9285 0.9928
Q1 0.8977 0.8753 0.9917 0.9044 0.9082 0.9906
Min 0.7413 0.7058 0.9749 0.7655 0.7452 0.9685
Std 0.0268 0.0487 0.0045 0.0290 0.0427 0.0051

Table 5. Test set results of the ResNet-UNet network trained with Dice or focal loss in phase 2.

ResNet-UNet Dice—Label 11 ResNet-UNet Focal—Label II
Dice Sens Spec Dice Sens Spec
Max 0.9675 0.9742 0.9993 0.9596 0.9501 0.9992
Q3 0.9578 0.9605 0.9969 0.9439 0.9300 0.9975
Mean 0.9511 0.9504 0.9960 0.9357 0.9182 0.9962
Q1 0.9462 0.9424 0.9951 0.9294 0.9091 0.9954
Min 0.9162 0.8818 0.9920 0.8946 0.8294 0.9907
Std 0.0088 0.0135 0.0014 0.0106 0.0161 0.0015
ResNet-UNet Dice loss - Label | ResNet-UNet Dice loss - Label Il
M Dice M Sens [ Spec [l Dice M Sens M Spec
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Figure 23. Improvement in labels in the two phases on the test set for Dice loss.



Mathematics 2022, 10, 2620

24 of 31

ResNet-UNet focal loss - Label | ResNet-UNet focal loss - Label Il
M Dice M Sens [ Spec M Dice M Sens [ Spec
1 — C 1 —_———

— v —— ke

0.9 0.9 .

0.85 0.85

I

0.8 0.8

0.75 ° 0.75

0.7 0.7

Figure 24. Improvement in labels in the two phases on the test set for focal loss.

Analyzing the boxplots of the corresponding experiments on the same test set, we can
see that the segmentation after phase 2 is much better than after phase 1. The boxplots
for both losses become flatter, which means that the interquartile range (IQR) is much
smaller. For the Dice loss, the IQR is Q3 — Q1 = 0.9233 — 0.8977 = 0.0256, whereas in the
second phase, it becomes equal to IQR = 0.9578 — 0.9462 = 0.011, which represents a 2.3-fold
improvement. The difference is even better if we consider that the worst segmentation
response is 0.7413 (minimum) in phase 1 and 0.9162 (minimum) in phase 2. The segmenta-
tion of the worst image improves by 17.49%. Better results are obtained for focal loss as
well if we compare the two ResNet-UNet networks trained on the focal loss. The difference
between Dice scores here is 2.12%, while the difference between minimums is 12.91%.

Figure 25 shows an image with significant differences between Label I and Label 1I
and ResNet-UNet phase 1 and ResNet-UNet phase 2, both trained with Dice loss.

(a) Orig. (b) Label I (c) ResNet-UNet phase 1

(d) Orig. (e) Label II (f) ResNet-UNet phase 2

Figure 25. Visual comparison of the approach proposed: phase 1 and phase 2 segmentation.

All our experiments related to CNN training were done on a dual Nvidia Geforce
RTX 2080 GPU system with 11 GB memory on each graphics card. Our experiments were
run in Keras Tensorflow and Pytorch as well. Each of these deep learning frameworks
relies on the Python programming language. The traditional image processing steps were
implemented, and the correct workflow was experimentally set up via Image] and the ITK
image processing software.

5. Discussion

There are very few articles in the literature that describe dorsal hand vein segmenta-
tion, due to the lack of expert annotation on dorsal hand or palm vein images. Most dorsal
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hand vein databases are made not for precise vein segmentation, but rather for personal
identification. The papers discussing human identification rely on traditional image pro-
cessing methods that extract geometrical features such as bifurcation, angel, segment length
or certain local or global image features [15]. The two existing articles in the domain, also
mentioned in the state-of-the-art section, are Gao et al. [5] from 31 December 2021 and
Yakno et al. [6], which appeared in February 2022. Gao et al. present a system based on the
U-Net network, introducing the so-called U-Netup that uses an attention module in the
U-Net and joins the outputs of conv. layers 4 and 5, called feature 4 and feature 5, followed
by two other convolutions to form the output of the CNN. They use a self-made dorsal
hand vein database from 116 subjects, totaling 2024 images. The labels used for training
are hand-marked, pixel by pixel. As we can see, these initial images are not standardized
and the hand-marked labels are not quite accurate in the examples given in their article,
with only 1-3 vein sections being marked with a maximum of 1-2 bifurcations. The results
reported by the authors are defined as the mean intersection over reunion (mloU) as a sum
of (TP+TN)/2, considering the weights of both classes equal. In general, when computing
mlOU, the correct class matches must be weighted by the number of elements in that class
over the total number of elements. In this way, the background TN percentage does not
have a weight of 1/2 in the final formula. The authors have not considered this, allowing
for a straightforward comparison of the mIOU reported in [5] with our TP (sensitivity) and
TN (specificity) values. Table 6 shows the results of paper [5] compared to our results.

Table 6. Comparison of the results.

Network Database TP TN mloU = (TP + TN)/2 [5]
Proprietary

PSPNet [5] Unavailable - - 62.53

U-Net [5] Proprietary - - 68.07
Unavailable

U-Netup [5] Proprietary - - 78.12
Unavailable

Our ResNet-UNet Dice Level I NCUT 90.46 99.37 9491

Our ResNet-UNet focal Level I NCUT 92.85 99.28 96.06

Our ResNet-UNet Dice Level II NCUT 95.04 99.6 97.37

Our ResNet-UNet focal Level II NCUT 91.82 99.62 95.72

The most recent article in dorsal hand vein segmentation is [6]. Yakno et al. present
a system that achieves vein segmentation using Vein-Generative Adversarial Network
(V-GAN). They use only 50 images for training and 20 for testing. The resolution of the
images is 640 x 480 pixels. Based on the single visualization figure from the article and
the resolution of the original images, it cannot be excluded that they used a small part
of the same NCUT database that we used. The generative part of the GAN is U-Net, but
the discriminative part is not specified; only the loss functions of the two discriminators
are described, while their exact structure is not detailed at all. They trained the networks
on ground truth labels, although their actual origin is not specified. They present two
segmentation results, with and without preprocessing. As preprocessing, they applied ROI
extraction of 192 x 192 pixels, CLAHE and gamma correction. Their sensitivity, specificity
and Dice scores can be compared to ours (Table 7).

Table 7. Comparison of the results.

Network Database TP TN Dice
Without preprocessing [6] Unknown 65.95 99.06 73.27
With preprocessing [6] Unknown 80.33 98.36 78.21
Our ResNet-UNet Dice Level I NCUT 90.46 99.37 90.65
Our ResNet-UNet focal Level ] NCUT 92.85 99.28 91.45
Our ResNet-UNet Dice Level T  NCUT 95.04 99.60 95.11

Our ResNet-UNet focal Level L  NCUT 91.82 99.62 93.57
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In addition to comparing our results to the articles in the literature, we have studied the
same procedure on databases other than only the NCUT. The Sakarya University of Applied
Sciences (SUAS) database [59] consists of 919 vein images from 155 different subjects,
measuring 640 x 480 pixels. We have also extracted the veins from these images with
the traditional segmentation method proposed and applied the already trained ensemble
network to segment these types of images as well.

The results were surprisingly good. The segmentations obtained are shown in Figure 26.
Some post-processing steps of erosion and deleting small unconnected false veins would
correct the segmentation. The purpose here was to examine the model obtained trained
only on the NCUT with other types of dorsal hand images as well. The veins here are
considered wider, influenced by the transition intensity from the vein to the skin that had a
greater width in the original database, but that is not the case here.

&£
(a) SUAS Oirig. (b) Label I segm. (c) Label II segm.

Figure 26. Segmentation of the ensemble on the SUAS database.

The same unsupervised vein extraction and CNN testing process was performed on the
PUT database [60] as well. It consists of 1200 wrist images from 50 persons, containing three
series of four images each for the left and right hands, meaning 24 images for each person.
The resolution of the images is 1280 x 960 pixels. Here, the segmentation appears more
precise than for the SUAS, but the horizontal line across the wrist introduces horizontal
noise, especially in unsupervised segmentation, but in supervised testing as well. The
results are shown in Figure 27.

(a) PUT Orig. (b) Label Isegm. (c) Label II segm.

Figure 27. Segmentation of the ensemble on the PUT database.

Considering these two different databases, which were not included in the training
process of our model, we can conclude that the veins are being detected, but the seg-
mentation results are noisy. This result can be explained by the different vein acquisition
equipment and the lack of an identical acquisition protocol. Some images can be standard-
ized over a series of preprocessing steps, but in certain situations, it is impossible to unify
the images acquired by different equipment. To generalize the supervised segmentation,
the model should be rebuilt, including these diverse images in the training process. The
numerical results were not measured in this case because the entire automatic labeling and
training procedure should have been redone from scratch, which was not the goal of this
research effort.
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6. Conclusions

The lack of ground truth labels of medical images means that the standard segmenta-
tion performance measure compares two results between each other and not the results
with the gold standard. The ground truth is non-existent both in our case and in many other
segmentation applications. In practice, it is essential to define the goal of segmentation and
accepted error rates. In this paper, we proposed a novel pipeline for image segmentation,
presenting a case study on dorsal hand vein NIR images. However, vein annotation can
never be perfect because of the anatomical structure of the veins. The vascular system
is arborescent, with many branches and bifurcations. Additionally, the veins become
increasingly thinner in the extremities or in different organs. In the images used, vein
width was between 4 and 25 pixels, corresponding to 0.6—4 mm, while 1 pixel was 0.15 mm.
As a comparison, by applying a morphological operation of erosion or dilatation of only
1 pixel on the segmented images, the results changed by 4% in the Dice score. This is the
reason for considering only the detectable, meaning the visible, subcutaneous veins in our
labeling process.

The approach combines unsupervised segmentation with supervised learning. The first
major step in our system is gross segmentation by applying traditional image processing
techniques. The processing steps here include essential steps of image correction, such
as inhomogeneity reduction and contrast-limited adaptive histogram equalization, to vi-
sualize and analyze the valleys on the horizontal profile image, which is followed by the
extraction of tubular structures from the image. The final step in the unsupervised part is
the local threshold, for obtaining the binary segmentation used further on as labels.

The second major step of the system proposed was the adaptation, training and fine-
tuning of different CNN architectures initially used for object detection or medical image
segmentation. These types of networks require supervised training; thus, they require not
only the original image, but the ground truth segmentation as well. Lacking expert annota-
tions on any of the publicly available dorsal hand vein images, we had to use the previously
obtained segmentations as labels in our CNNs. Surprisingly, during visual verification,
some of the CNNs performed even better than the labels given. This observation caused
us to decide in favor of the second phase segmentation. An ensemble classifier based on
majority voting by nine networks created more accurate image labels. These new labels
were considerably better than the initial ones and led to better training and generalization
of the initially studied convolutional networks that were not included in the ensemble. By
using the second labeled dataset, the ResNet-UNet classifier presented improves the initial
Dice score by approximately 4-5% and increases the sensitivity significantly. In this way,
we obtained our best Dice score for the test set of 95.11%.

The ResNet-UNet classifier was also tested on two different databases not involved in
the training process. The results are promising and are a compelling reason to include other
types of images in the training process. It is possible to improve our results even more; we
propose to study other CNN networks in the field of medical image segmentation.

The limitations of the paper presented are the restricted selection of geometric image
processing segmentation steps used for obtaining Label I. The steps shown may work very
well for some datasets and less so for others. This traditional segmentation pipeline needs
further fine-tuning and adjustment to obtain the best possible labels for different kinds of
vein images. On the other hand, in the second phase, the drawbacks include the general
limitations of CNNs due to different stages of downconvolution and upconvolution. The
more complex networks presented and applied in our case detect vein contours more
precisely, with increasing computational complexity and training time. In addition, the
accuracy of the resulting model is highly influenced by the quality, quantity and diversity
of input data.

In the future, we intend to analyze networks that can handle the border pixels of the
vein region. A more accurate detection of border pixels may lead to a Dice improvement
of 1-2%. For this purpose, we will apply attention-guided networks and multi-pathway
multi-resolution networks. We also propose to apply SegAN [61] to generate more images
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in our dataset and to investigate and train the nnU-Net [35] model, which is considered a
benchmark in medical image segmentation.

At present, there are few research efforts studying dorsal hand vein segmentation in
the clinical medical field because of a lack of ground truth images labeled by experts [5].
This article may be considered a starting point for non-contact injection in the dorsal hand
veins to efficiently gain intravenous access, to administer different medications, apply
intravenous therapy, perfusion, or to perform several types of blood tests, intravenous
cannulation or catheter insertion. Nowadays, especially in hospitals for contagious and
infectious diseases, where medical staff have to wear protective equipment such as gloves,
goggles, surgery masks, aprons and gowns, the precise determination of the vein for an
accurate needle prick is essential.

Furthermore, the pipeline proposed not only solves the problem of dorsal hand vein
segmentation, but may also be applied in other vessel segmentation tasks, such as reti-
nal vessel segmentation on fundus images to supplement computer-aided diagnosis and
surgery planning for diabetic patients, lung vessel segmentation to detect pulmonary
vascular diseases or identifying blocked or narrowed veins in the heart from a coronary an-
giogram. All these applications require well-acquired and standardized datasets of several
thousand images collected thoroughly and according to a well-defined imaging protocol.
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Abbreviations

The following abbreviations are used in this manuscript:

acc. Accuracy

BC Binary Coding

BCE Binary Cross-Entropy

BGM Biometric Graph Matching

CCKG Centroid-Based Circular Keypoint Grid
CE Cross-Entropy

CLAHE Contrast-Limited Adaptive Histogram Equalization
CNN Convolutional Neural Network

DHN Deep Hashing Networks

DSC Dice Similarity Score

FAR False Acceptance Rate

FC Fully Connected

FCN Fully Convolutional Network

FGM Factorized Graph Matching

FRR False Rejection Rate

IQR Inter-Quartile Range

GT Ground Truth

P Image Processing

k-NN k-Nearest Neighbor
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LBP Local Binary Pattern

mloU Mean Intersection over Union
OGM Oriented Gradient Maps

PLBP Partition Local Binary Patterns
PUT Poznan University of Technology
RB Residual Block

ResNet Residual Network

ROI Region of Interest

Sens Sensitivity

SIFT Scale-Invariant Feature Transform
Spec Specificity

SUAS Sakarya University of Applied Sciences
SVM Support Vector Machines

P True Positive

N True Negative

VGG Oxford’s Visual Geometry Group
WSM Width Skeleton Model
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