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Musculoskeletal ultrasound is one of a number of muscu-
loskeletal imaging modalities. It can be defined as an ultra-
sound imaging technique for the diagnosis and treatment of
patients with musculoskeletal disorders. In comparison with
advanced imaging modalities such as CT and MRI, advan-
tages of ultrasound include the readily available bedside ultra-
sound equipment, the relatively low cost of the exam pro-
cedure, the capacity for dynamic evaluation of patients, and
the use of nonionizing radiation. Therefore, musculoskeletal
ultrasound has been widely adopted for many clinical appli-
cations. Recent advances in musculoskeletal ultrasound have
provided physicians with valuable information in application
areas such as sports medicine, osteoarthritis, osteoporosis,
musculoskeletal pain, and rehabilitation. The new findings
in these areas have also inspired novel signal and image
processing techniques that are developed to facilitate many
potential new clinical applications. Recently developed quan-
titative ultrasound techniques are able to provide quantitative
assessment of the structure and function of musculoskeletal
tissues. In addition, ultrasound biomicroscopy imaging with
high-frequency probes is able to resolve finer imaging details
of musculoskeletal tissues. In this issue readers will find 12
high-quality, peer-reviewed articles that provide researchers
from diverse backgrounds such as biomedical engineering,
medical ultrasound, rehabilitation, and computational sci-
ences with the state-of-the-art knowledge of this emerging
interdisciplinary research area.

In the review paper “A Review on Real-Time 3D Ultra-
sound Imaging Technology” by the special issue editor Q.
Huang and Z. Zeng, a comprehensive review on traditionally
designed 3D ultrasound techniques as well as the most
advanced real-time 3D imaging using parallel computing
hardware and methods is provided. It summarizes the pros
and cons of different data acquisition protocols, discusses
the algorithms of volume reconstruction, and introduces
the clinical applications including musculoskeletal examina-
tions.

Ultrasound images of themusculoskeletal system provide
visible information of the structure ofmusculoskeletal tissues
and organs such as muscles, tendons, ligaments, joints,
and soft tissue. Ultrasonography is a useful tool to guide
the treatment of patients with musculoskeletal disorders.
Ultrasound-guided techniques help physicians accurately
inject treatment drugs into the target tissues to satisfy the
requirements of a successful and safe therapy. In this special
issue, two papers introduce ultrasound-guided techniques
that are applied in the treatment of musculoskeletal pain.The
paper “Ultrasound-Guided versus Fluoroscopy-GuidedDeep
Cervical Plexus Block for the Treatment of Cervicogenic
Headache” by Q. Wan et al. presents an ultrasound-guided
approach to treating cervicogenic headache through injection
in deep cervical plexus block. Q. Wan et al. also introduce
an application of ultrasonography to guide the lumbar peri-
radicular injection for patients with unilateral lower lumbar
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radicular pain in their paper entitled “Ultrasonography-
Guided Lumbar Periradicular Injections forUnilateral Radic-
ular Pain.” The ultrasound-guided approach is shown to be a
potentially promising method for the pain treatment due to
its convenience and efficacy.

Rehabilitation for musculoskeletal disorders needs accu-
rate diagnosis and follow-up evaluation of the outcomes dur-
ing a relative long-term physical exercise therapy procedure.
In this special issue, there are four papers that report the
applications of musculoskeletal ultrasound in rehabilitation.
In “Ultrasonographic Validation of Anatomical Landmarks
for Localization of the Tendon of the Long Head of Biceps
Brachii,” S. Hou et al. introduce two anatomical landmarks
for localization of biceps tendon groove and validate the
localizationwith ultrasonographicmeasurement.The reliable
location of treatment andmonitoring plays an important role
in therapy and diagnosis for patients with musculoskeletal
disorders. L. Li and R. K. Tong introduce a combinedmethod
of ultrasound imaging and biomechanical modeling for post-
stroke muscular evaluation in their paper entitled “Com-
bined Ultrasound Imaging and Biomechanical Modeling to
Estimate Triceps Brachii Musculotendon Changes in Stroke
Survivors.” Based on the ultrasonic parameters, the subject-
specific biomechanical model could predict the changes of
musculotendon properties for patients after stroke. In the
paper “Ultrasonic Measurement of Dynamic Muscle Behav-
ior for Poststroke Hemiparetic Gait” by X. Chen et al., the
authors developed a synchronized system for simultaneously
collecting ultrasonography signals, EMG, and joint angle
to dynamically analyze the functional and morphological
changes during muscle contraction. Ultrasonography can be
deemed as an alternative method for examination of the
morphological changes for stroke patients. C.-Z. Wang et
al. describe a novel ultrasound technique called “vibroultra-
sound” that achieves the active stiffness of the muscles under
isometric contraction. Their paper entitled “Age and Sex
Effects on the Active Stiffness of Vastus Intermedius under
Isometric Contraction” investigates the relationship between
muscle stiffness and the contraction intensity and provides
insight into the age and sex bias in musculoskeletal studies.

Quantitative ultrasound, a recently developed promis-
ing method, has been applied to quantitatively assess the
structure and function of musculoskeletal tissues. This spe-
cial issue presents three quantitative ultrasound studies for
evaluation of the tissues in musculoskeletal diseases. The
paper “Early Detection of Tibial Cartilage Degradation and
Cancellous Bone Loss in an Ovariectomized Rat Model”
by Y. Wang et al. proposes a quantitative high-frequency
ultrasound approach for the early detection of rat tibial car-
tilage degradation. This is a promising method to detect the
early degradation of articular cartilage induced by estrogen
reduction in female osteoarthritis. T. Suzuki et al. present a
semiquantitative evaluation of polymyalgia rheumatica and
elderly-onset rheumatoid arthritis by power Doppler ultra-
sound in their paper entitled “Semiquantitative Evaluation
of Extrasynovial Soft Tissue Inflammation in the Shoulders
of Patients with Polymyalgia Rheumatica and Elderly-Onset
Rheumatoid Arthritis by Power Doppler Ultrasound.” It is
indicated that power Doppler ultrasound can be a reliable

tool to semiquantitatively evaluate the inflammation of soft
tissues. The paper “Transverse and Oblique Long Bone Frac-
ture Evaluation by Low Order Ultrasonic Guided Waves: A
Simulation Study” by Y. Li et al. focuses on using ultrasound-
guided waves to evaluate bone fracture and monitor its
healing. This simulated study shows that the ultrasound-
guided waves have good potential for evaluation of bone
fractures and their healing monitoring.

There are two papers that report novel techniques of
signal and image processing to extract and analyze the
target tissues in this special issue. The paper “A Novel Seg-
mentation Approach Combining Region- and Edge-Based
Information for Ultrasound Images” by Y. Luo et al. demon-
strates a new segmentation algorithm based on an improved
machine learning strategy for extracting lesions from ultra-
sound images, for example, the breast and musculoskeletal
ultrasound images. With accurate extraction of the lesion
region in ultrasound images, computer aided diagnosis,
which is of great help in routine musculoskeletal exami-
nations in a clinical setting, can be easily conducted. The
paper “Semianalytical Solution for the Deformation of an
Elastic Layer under an Axisymmetrically Distributed Power-
Form Load: Application to Fluid-Jet-Induced Indentation of
Biological Soft Tissues” by M. Lu et al. presents an ultra-
sound indentation method for analyzing the biomechanical
property of biological soft tissues. The clearer analysis of the
biomechanical properties provided by this technique would
be of great help in better understanding the function of the
musculoskeletal tissues.

In summary, the 12 papers in the special issue report not
only new clinical studies of musculoskeletal ultrasound but
also recently developed ultrasound techniques for muscu-
loskeletal tissue characterizations. We hope that this special
issue will help to promote further development of mus-
culoskeletal ultrasound methodologies for various clinical
applications. Improvement and advances in musculoskeletal
ultrasound may lead to better performance outcomes in
diagnosis and treatment of patients with musculoskeletal
disorders. Musculoskeletal ultrasound provides quantitative
evaluation and dynamic monitoring and thus reduces the
cost, duration, and overall impact of musculoskeletal dis-
eases.
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Ultrasound imaging has become one of the most popular medical imaging modalities with numerous diagnostic applications.
However, ultrasound (US) image segmentation, which is the essential process for further analysis, is a challenging task due to the
poor image quality. In this paper, we propose a new segmentation scheme to combine both region- and edge-based information into
the robust graph-based (RGB) segmentation method. The only interaction required is to select two diagonal points to determine
a region of interest (ROI) on the original image. The ROI image is smoothed by a bilateral filter and then contrast-enhanced by
histogram equalization.Then, the enhanced image is filtered by pyramidmean shift to improve homogeneity.With the optimization
of particle swarm optimization (PSO) algorithm, the RGB segmentation method is performed to segment the filtered image. The
segmentation results of ourmethod have been compared with the corresponding results obtained by three existing approaches, and
four metrics have been used to measure the segmentation performance. The experimental results show that the method achieves
the best overall performance and gets the lowest ARE (10.77%), the second highest TPVF (85.34%), and the second lowest FPVF
(4.48%).

1. Introduction

Ultrasound (US) imaging is one of the most popular medical
imaging modalities with numerous diagnostic applications
due to the following merits: no radiation, faster imaging,
higher sensitivity and accuracy, and lower cost compared
to other imaging modalities, such as computed tomography
(CT) or magnetic resonance imaging (MRI) [1–6]. However,
sonography is operator-dependent, and reading US images
requires well-trained and experienced radiologists. To reduce
the interobserver variation among different clinicians and
help them generate more reliable and accurate diagnos-
tic conclusions, computer-aided diagnosis (CAD) has been
proposed [3, 7, 8]. Generally, the CAD system based on
the US image involves the following four steps: prepro-
cessing, segmentation, feature extraction and selection, and

classification [9, 10]. Among these four procedures, image
segmentation which separates the lesion region from the
background is the key to the subsequent processing and
determines the quality of the final analysis. In the pre-
vious clinical practice, the segmentation task is generally
performed by manual tracing, which is laborious, time-
consuming, and skill- and experience-dependent. Conse-
quently, reliable and automatic segmentation methods are
preferred to segment the ROI from the US image, to improve
the automation and robustness of the CAD system. However,
accurate and automatic US image segmentation remains a
challenging task [11–13] due to various US artifacts, including
high speckle noise [14], low signal-to-noise ratio, and inten-
sity inhomogeneity [15].

In the last decade, a large number of segmentation
methods have been developed for US images, for example,
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thresholding-based methods [16–18], clustering-based meth-
ods [19–23], watershed-based methods [24–27], graph-
based methods [28–35], and active contour models [36–42].
Thresholding is one of the frequently used segmentation
techniques for themonochrome image. Yap et al. [18] adopted
the thresholding segmentation to separate the lesion region
from the background before detecting the initial boundary
via edge detection. Clustering is a classification technique and
has been successfully applied to image segmentation based
on similarity between image regions or pixels. Isa et al. [19]
used the moving 𝑘-means clustering to automatically select
the seed and proposed a modified seed based region growing
algorithm to detect the edge. Shan et al. [20] used a novel neu-
trosophic clustering approach to detect the lesion boundary.
Moon et al. [22] used the fuzzy C-means (FCM) clustering
to extract the tumor candidates in their CAD system. The
watershed transformation which is frequently used in the
segmentation of grey scale images considers the gradient
magnitude of an image as a topographic surface. Chen et
al. [24] employed the two-pass watershed transformations
to generate the cells and proposed a region-based approach
called cell-competition algorithm to simultaneously segment
multiple objects in a sonogram. L. Zhang and M. Zhang [26]
used an extended fuzzy watershed method to segment US
images fully automatically. The experiments showed that the
proposedmethod could get good results on blurryUS images.

In the last few years, graph-based segmentation has
become a research hotspot due to the simple structure and
solid theories. In graph-based segmentation, the image is
modeled as a weighted, undirected graph. Zhang et al. [28]
applied the discriminative graph-cut approach to segment-
ing tumors after discrimination between tumors and the
background via a trained classifier. In 2014, Zhou et al. [29]
proposed a novel US image segmentation method based on
mean shift and graph cuts (MSGC). It uses mean shift filter
to improve the homogeneity and applies graph-cut method,
whose energy function combines region- and edge-based
information to segment US images. The result showed that
the method is rapid and efficient. Huang et al. [30] designed
a novel comparison criterion for pairwise subregions which
takes local statistics into account to make their method more
robust to noises, and hence it was named as robust graph-
based (RGB) segmentationmethod.The experimental results
showed that accurate segmentation results can be obtained by
this method. However, two significant parameters determin-
ing the segmentation result should be set empirically, and for
different images they need to be adjusted by repeated tests
to obtain good segmentation results. In 2013, Huang et al.
[31] proposed an improvement method for RGB by using
PSO algorithm to optimize the two significant parameters
automatically. The between-class variance, which denotes
the difference between the reference region and its adjacent
regions, was introduced as the objective function and the
method was named as parameter-automatically optimized
robust graph-based (PAORGB) segmentation.

The active contour model (ACM), more widely known
as snake, is another very popular segmentation method for
US images and has been massively used as an edge-based
segmentation method. This approach attempts to minimize

the energy associated with the initial contour as the sum of
the internal and external energies. During the deformation
process, the force is calculated from the internal energy
and external energy. The internal energy derived from the
contour model is used to control the shape and regularity
of the contour, and the external energy derived from the
image feature is used to extract the contour of the desired
object. A 3D snake technique was used by Chang et al. [36]
to obtain the tumor contour for the pre- and postoperative
malignant tumor excision. Jumaat et al. [37] applied the
Balloon Snake to segment the mass in the US image taken
from Malaysian population. To overcome the curvature and
topology problems in the ACM, level set has been employed
to improve the US image segmentation. Sarti et al. [38]
used a level set formulation to search the minimal value of
ACM, and the segmentation results showed that their model
is efficient and flexible. Gao et al. [40] combined an edge
stopping term and an improved gradient vector flow snake
in the level set framework, to robustly cope with noise and to
accurately extract the low contrast and/or concave ultrasonic
tumor boundaries. Liu et al. [39] proposed a novel probability
density difference-based active contour method for ultra-
sound image segmentation. In 2010, Li et al. [43] proposed the
new level set evolution model Distance Regularized Level Set
Evolution (DRLSE) in which it adds a distance regularization
term over traditional level set evolution to eliminate the
need for reinitialization in evolution process and improve the
efficiency. Some researchers combined texture information
with other methods for US images segmentation [44–47].
In 2016, Lang et al. [44] used a multiscale texture identifier
integrated in a level set framework to capture the spiculated
boundary and showed improved segmentation result.

However, most of the above methods are purely region-
based or edge-based. For region-based methods, they use
homogeneity statistics and low-level image features like
intensity, texture, and histogram to assign pixels to objects.
Two pixels would be assigned to the same object if they
are similar in value and connected to each other in some
sense. The problem of applying these approaches to US
images is that, without considering any shape information,
they would classify pixels within the acoustic shadow as
belonging to the tumor, while posterior acoustic shadowing
is a common artifact in US images [48, 49]. For edge-
based methods (ACM), they are used to handle only the
ROI, not the entire image. Although they can obtain the
precise contour of the desired object, they are sensitive to
noise and heavily rely on the suitable initial contour which
is very difficult to generate properly. Also, the deformation
procedure is very time-consuming. Therefore, segmentation
approaches which integrate region-based techniques and
edge-based techniques have been proposed to obtain accurate
segmentation results for US images [50–55]. Chang et al.
[50] introduced the concepts of 3D stick, 3D morphologic
process, and 3D ACM. The 3D stick is used to reduce
the speckle noise and enhance the edge information in 3D
US images. Then, the 3D morphologic process is used to
obtain the initial contour of the tumor for the 3D ACM.
Huang and Chen [51, 52] utilized the watershed transform
and ACM to overcome the natural properties of US images
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Figure 1: Flowchart of the proposed approach.

(i.e., speckle, noise, and tissue-related textures), to segment
tumors precisely. In their methods, the watershed transform
is performed as the automatic initial contouring procedure
for the ACM. Then, the ACM automatically determines the
exquisite contour of the tumor. Wang et al. [55] presented a
multiscale framework for US image segmentation based on
speckle reducing anisotropic diffusion and geodesic active
contour. In general, the region-based technique is used to
generate the initial contour for the edge-based technique.
The experimental results of these approaches indicate that
accurate segmentation results can be obtained by combining
region-based and edge-based information of the US image.

In this paper, we propose a novel segmentation scheme
for US images based on the RGB segmentation method [30]
and particle swarm optimization (PSO) algorithm [56, 57].
In this scheme, the PSO is used to optimally set the two
significant parameters determining the segmentation result
automatically. To combine region-based and edge-based
information, we consider the optimization as amultiobjective
problem comparing with PAORGB. We use multiobjective
optimization method (maximizing the difference between
target and background, improving the uniformity within the
target region, and considering the edge gradient) to improve
the segmentation performance. We take the uniformity of
the region and the information of the edge as the objective
contents in the process of optimization. First, one rectangle
is manually selected to determine the ROI on the original
image. However, because of the low contrast and speckle

noises of US images, the ROI image is filtered by a bilateral
filter and contrast-enhanced by histogram equalization. Next,
pyramid mean shift is executed on the enhanced image to
improve homogeneity. A novel objective function consisting
of three parts corresponding to region-based and edge-based
information is designed in the PSO.With the optimization of
PSO, the RGB segmentationmethod is performed to segment
the ROI image. Finally, the segmented image is processed
by morphological opening and closing to refine the tumor
contour.

This paper is organized as follows. Section 2 introduces
the proposedmethod in detail. Next, the experimental results
and comparisons among different methods are presented in
Section 3. Finally, we provide some discussion and draw the
conclusion in Section 4.

2. Methods

In this paper, our method is called multi-objectively
optimized robust graph-based (MOORGB) segmentation
method, which utilizes PSO algorithm to optimize the
two key parameters of RGB segmentation method. In
the MOORGB, a multiobjective optimization function
which combines region-based and edge-based information is
designed in the PSO to optimize the RGB. The flowchart of
the proposed approach is shown in Figure 1. In the rest of this
section, we introduce each step in the proposed approach in
detail.
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(a) (b)

Figure 2: Example of extracting a TCI: (a) the original image and (b) the TCI image.

2.1. Preprocessing

2.1.1. Cropping Tumor Centered ROI. According to [11] a good
segmentation method for clinical US images should have
taken advantage of a priori knowledge to improve the seg-
mentation result due to the relatively low quality. In addition,
it is hard to describe the segmentation result quantitatively
without any a priori knowledge; therefore, it is difficult to
design objective function(s) without any a priori knowledge.
Therefore, we employ the a priori knowledge used in [31],
namely, asking the operator to roughly extract a relatively
small rectangular ROI (in which the focus of interest is fully
contained and located in the central part) from the US image.
In this way, interferences from other unrelated regions can be
reduced as much as possible, making the segmentation easier
and more efficient. Besides, it gives useful a priori knowledge
for design of objective function(s). Such a ROI is called tumor
centered image (TCI) in this paper, and Figure 2 shows how
a TCI is extracted from a US image.

2.1.2. Bilateral Filtering. Because of diverse interferences (e.g.,
attenuation, speckle, shadow, and signal dropout) in US
images, speckle reduction is necessary to improving the
quality of US images. Bilateral filter [58] which has proven
to be an efficient and effective method for speckle reduction
is adopted in the MOORGB.

2.1.3. Histogram Equalization. To improve the contrast of US
images, histogram equalization is conducted to enhance the
filtered TCI. Histogram equalization maps one distribution
(the given histogram of intensity values in the filtered TCI)
to another distribution (a wider and uniform distribution
of intensity values). The classical histogram equalization
method [59] is used in the MOORGB.

2.1.4. Mean Shift Filtering. After contrast enhancement, we
improve the homogeneity by performing mean shift filtering.
Mean shift filtering is based on mean shift clustering over
grayscale and can well improve the homogeneity of US
images and suppress the speckle noise and tissue-related

textures [60]. Figure 3 shows the preprocessing results of the
image.

2.2. RGB Segmentation Method. Given an image which is
initially regarded as a graph, the RGB method [30] aims to
merge spatially neighboring pixels with similar intensities
into a minimal spanning tree (MST), which corresponds
to a subgraph (i.e., a subregion in the image). The image
is therefore divided into several subregions (i.e., a forest of
MSTs). Obviously, the step for merging pixels into a MST
is the key, determining the final segmentation results. A
novel pairwise region comparison predicate was proposed in
the RGB to determine whether or not a boundary between
two subgraphs should be eliminated. Given a graph 𝐺 =
(𝑉, 𝐸), the resulting predicate 𝐷(𝐶1, 𝐶2) which compares
intersubgraph differenceswithwithin-subgraph differences is
formulated as follows [30]:

𝐷(𝐶1, 𝐶2)

= {
{{
false, if Dif (𝐶1, 𝐶2) > MInt (𝐶1, 𝐶2)
true, other

(1)

Dif (𝐶1, 𝐶2) = 𝜇 (𝐶1) − 𝜇 (𝐶2) (2)

MInt (𝐶1, 𝐶2)
= min (𝜎 (𝐶1) + 𝜏 (𝐶1) , 𝜎 (𝐶2) + 𝜏 (𝐶2))

(3)

𝜏 (𝐶) = 𝑘
|𝐶| ⋅ (1 + 1

𝛼 ⋅ 𝛽) , 𝛽 = 𝜇 (𝐶)
𝜎 (𝐶) , (4)

where Dif(𝐶1, 𝐶2) is the difference between two subgraphs,
𝐶1 and 𝐶2 ∈ 𝑉, MInt(𝐶1, 𝐶2) represents the smallest internal
difference of𝐶1 and𝐶2, 𝜇(𝐶) denotes the average intensity of
𝐶, 𝜎(𝐶) is the standard deviation of𝐶, and 𝜏(𝐶) is a threshold
function of 𝐶 while 𝛼 and 𝑘 are positive parameters. When
𝑘 increases, 𝜏 increases as well and the regions merge more
easily. On the contrary, when 𝛼 increases, 𝜏 decreases and
hence the regions are merged less easily.
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(c) (d)

Figure 3: Example of preprocessing, (a) the TCI image, (b) the image after the bilateral filtering, (c) the image after histogram equalization,
and (d) the image after mean shift filtering.

Based on the pairwise region comparison predicate, the
general procedures of segmenting an image are as follows.

Step 1. Construct a graph 𝐺 = (𝑉, 𝐸) for the US image to
be segmented. In 𝐺, each pixel corresponds to a vertex and
each edge connects two spatially neighboring vertices. The
edge weight is defined by the absolute intensity difference
between two adjacent pixels. Initially, each vertex is regarded
as a subgraph and all edges constituting the edge set 𝐸 are
invalid.

Step 2. Sort the edges in 𝐸 in nondescending order according
to the edge weight, and set 𝑞 = 1.
Step 3. Pick the 𝑞th edge in the sorted 𝐸. If the 𝑞th edge is
an invalid edge (connecting two different subgraphs) and the
boundary between these two subgraphs can be eliminated
according to the pairwise region comparison predicate as
mathematically expressed in (1)–(4); then merge these two
subgraphs into a larger subgraph and set this edge valid. Let
𝑞 = 𝑞 + 1.
Step 4. Repeat Step 3 until all edges in 𝐸 are traversed.

When all edges are traversed, a forest including a number
of MSTs can be obtained. Each MST corresponds to a
subregion in the image. However, the selection of 𝛼 and 𝑘
in (4) can significantly influence RGB’s segmentation results
[30]. As shown in Figure 4, it can be seen that inappropriate
selections of 𝛼 and 𝑘 can lead to under- or oversegmentation.
In [30], two significant parameters in RGB segmentation
algorithm were empirically selected and usually manually
assigned by testing repeatedly to achieve acceptable results.
It cannot be fixed for real clinical application because good
selections of 𝛼 and 𝑘 may be quite different for different
images due to the diversity of US images.

Therefore, the PAORGB was proposed to optimize these
two parameters and to achieve a good selection of them

automatically for each US image [31]. However, only region-
based information and only one optimization goal (maxi-
mizing the difference between target and background) have
been used. Although the PAORGB can obtain good seg-
mentation results for some US images, its performance is
not adequately stable. Therefore, we propose the MOORGB
which usesmultiobjective optimizationmethod (maximizing
the difference between target and background, improving the
uniformity within the target region, considering the edge
gradient) to improve the segmentation performance. The
method makes comprehensive consideration of edge-based
and region-based information.

2.3. PSO Optimization of Parameters. PSO algorithm is an
evolutionary computation techniquemimicking the behavior
of flying birds and their means of information exchange
[56, 57]. In PSO, each particle represents a potential solution,
and the particle swarm is initialized with a population of ran-
dom/uniform individuals in the search space. PSO searches
the optimal solution by updating positions of particles in an
evolutionary manner.

Suppose that there are 𝑛𝑝 solutions, each of which
corresponds to a particle, and the position (i.e., the solution)
and velocity of the 𝑖th particle (𝑖 = 1, . . . , 𝑛𝑝) are represented
by two 𝑚-dimensional (𝑚 = 2 in our study) vectors (i.e.,
𝑥𝑖 = (𝑥𝑖1, 𝑥𝑖2, . . . , 𝑥𝑖𝑚) and V𝑖 = (V𝑖1, V𝑖2, . . . , V𝑖𝑚), resp.).
Position 𝑥 is a vector and in our method, 𝑥 = (𝑘, 𝛼). Velocity
V means the varied distance of the position at every itera-
tion. 𝑐1, 𝑟1, 𝑐2, 𝑟2 and 𝑤 are scalars. According to specific
issues, one or more objective functions are used to evaluate
fitness of each particle, and then the comparison criterion
is employed to obtain superior particles. Assume that 𝑝𝑖 =(𝑝𝑖1, 𝑝𝑖2, . . . , 𝑝𝑖𝑚) is the best position visited until themoment
of the 𝑖th particle during the update process, and the global
best position of the whole particle swarm obtained so far is
indicated as 𝑝𝑔 = (𝑝𝑔1, 𝑝𝑔2, . . . , 𝑝𝑔𝑚). At each generation,
each particle updates its velocity and position according to
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Figure 4: Influence of 𝛼 and 𝑘: the image of (a) is the original image, the image of (b) shows the segmentation result with different 𝛼, and (c)
shows the segmentation result with different 𝑘.

the following equations after 𝑝𝑖 and 𝑝𝑔 are acquired through
fitness evaluation and the comparison criterion [56]:

V𝑡+1𝑖 = 𝑤V𝑡𝑖 + 𝑐1𝑟1 (𝑝𝑡𝑖 − 𝑥𝑡𝑖) + 𝑐2𝑟2 (𝑝𝑡𝑔 − 𝑥𝑡𝑖) (5)

𝑥𝑡+1𝑖 = 𝑥𝑡𝑖 + V𝑡+1𝑖 (6)

𝑤𝑡 = 𝑤max − (𝑤max − 𝑤min)
𝑇max

∗ 𝑡, (7)

where 𝑡 is the generation number,𝑇max is themaximum itera-
tion,𝑤𝑡 is the value of the 𝑡th iteration,𝑤 is the inertia weight,
𝑐1 and 𝑐2 are positive parameters known as acceleration
coefficients, determining the relative influence of cognition
and social components, and 𝑟1 and 𝑟2 are independently
uniformly distributed random variables within the range of
(0, 1). The value of 𝑤 describes the influence of historical
velocity. The method with higher 𝑤 will have stronger global
search ability and themethodwith smaller𝑤will has stronger
local search ability. At the beginning of the optimization

process, we initially set 𝑤 to a large value in order to make
better global exploration and gradually decrease it to find
optimal or approximately optimal solutions and thus reduce
the number of the iterations. Hence we let𝑤 decrease linearly
from 1 towards 0.2, as shown in (7). We set 𝑤max = 1, 𝑤min =
0.2, and𝑇max = 200. In (5),𝑤V𝑡𝑖 represents the influence of the
previous velocity on the current one, and 𝑐1𝑟1(𝑝𝑡𝑖 − 𝑥𝑡𝑖) repre-
sents the personal experience while 𝑐2𝑟2(𝑝𝑡𝑔 − 𝑥𝑡𝑖) represents
the collaborative effect of particles, which pulls particles to
the global best solution thewhole particle swarmhas found so
far. As suggested in [41], we set 𝑐1 = 0.5 and 𝑐2 = 0.5 and make
personal experience and collaborative effect of particles play
the same important role in optimization as shown in Figure 5.

To conclude, at each generation, the velocity and position
of each particle are updated according to (5), and its position
is updated by (6). At each time, any better position is stored
for the next generation. Then, each particle adjusts its posi-
tion based on its own “flying” experience and the experience
of its companions, whichmeans that if one particle arrives at a
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Figure 5: Update of the particle.

new promising position, all other particles then move closer
to it. This process is repeated until a satisfactory solution is
found or a predefined number of iterative generations is met.

The general procedure is summarized as follows.

Step 1. Properly set the size of particle swarm and ran-
domly/uniformly initialize them according to the search
space. In this study, the size of particle swarm is 𝑛𝑝 = 200, and
the particles are uniformly initialized. According to the work
in [30], 𝑘 varies from 100 to 4000 and 𝛼 varies from 0.001 to
4.000, which form the search space.

Step 2. Traverse all particles: in each traversal (i.e., at each
generation), each particle is evaluated through the objective
function, and 𝑝𝑖 and 𝑝𝑔 are acquired according to the
comparison criterion.

Step 3. Update the velocity and position of each particle
according to (5) and (6). As suggested in [57], we set 𝑐1 = 0.5
and 𝑐2 = 0.5, and let 𝑤 decrease linearly from 1 towards 0.2.

Step 4. Repeat Steps 2 and 3 until all particles converge to
the predefined extent or the iterative number arrives at the
predefined maximum. The predefined extent in this study is
that𝑝𝑔 does not change for four iterations, and themaximum
iteration is set to𝑁 = 200 empirically.

2.4. The Proposed Objective Function in the PSO. At each
time, we use RGB to segment the TCI according to the
information (i.e., 𝛼 and 𝑘) of one particle. According to
the a priori knowledge that the focus of interest is located
in the central part of TCI, the central subregion with the
central pixel of TCI is the possible tumor region.This central
subregion is defined as the reference region, which varieswith
the setting of 𝛼 and 𝑘, and the reference region is the expected
tumor region when 𝛼 and 𝑘 are optimally set. Figure 6 gives
an example of reference region (the original image is shown
in Figure 2).

In MOORGB, a novel objective function consisting
of three parts corresponding to region-based and edge-
based information is adopted. Based on the above a priori
knowledge, these three parts, that is, between-class variance,
within-class variance, and average gradient, are defined as

follows. Compared with PAORGB, we add two objective
functions, within-class variance and average gradient. It is
not enough to optimize parameters just relying on edge
information or region information for segmentation.We take
the uniformity of the region and the information of the edge
as the objective contents in the optimization process.

2.4.1. Between-Class Variance. Inspired by the idea of Otsu’s
method [61] which utilizes the difference between subregions
to quantitatively describe the segmentation result to select an
optimal threshold, the between-class variance (𝑉𝐵) is defined
as follows:

𝑉𝐵 =
𝑘

∑
𝑖=1

𝑃 (𝐶𝑖) (𝜇 (𝐶𝑖) − 𝜇 (𝐶Ref))2, (8)

where 𝑉𝐵 denotes the sum of difference of mean intensity
between subregion 𝐶 and the reference region, 𝑘 denotes the
number of subregions adjacent to the reference region, and
𝜇(𝐶) denotes the mean intensity of subregion 𝐶 while 𝑃(𝐶𝑖)
denotes the proportion of the 𝑖th subregion in the whole TCI
and is expressed as

𝑃 (𝐶𝑖) =
𝐶𝑖
|TCI| , (9)

where |𝐶𝑖| is the number of pixels in the 𝑖th subregion and
|TCI| is the number of pixels in the whole TCI.

From the definition, 𝑉𝐵 denotes the difference between
the reference region and its adjacent regions. Since the
reference region corresponds to the interested tumor region
in the US image, it is easy to understand that maximizing 𝑉𝐵
can well overcome oversegmentation. By the way, this is the
only part adopted in PAORGB [31].

2.4.2.Within-Class Variance. Theaim of image segmentation
is to segment a region with uniformity, which is always
the target object, out of the background [62]. Therefore,
considering the uniformity within the target region, we
come up with another part called within-class variance (𝑉𝑊)
defined as follows:

𝑉𝑊 = arctan ((1/ 𝐶Ref
) ∑|𝐶Ref |𝑖=1 (𝐼𝑖 − 𝜇 (𝐶Ref))2)
𝑃 (𝐶Ref) ,

𝑃 (𝐶Ref) =
𝐶Ref


|TCI| ,

(10)

where |𝐶Ref | is the number of pixels in the reference region
and 𝐼𝑖 denotes the intensity of the 𝑖th pixel while 𝜇(𝐶Ref )
denotes the mean intensity of the reference region, and |TCI|
is the number of pixels in the whole TCI. Since the min-
imizing of pure within-class variance (1/|𝐶Ref |) ∑|𝐶Ref |𝑖=1 (𝐼𝑖 −𝜇(𝐶Ref ))2 will lead to oversegmentation, we add 𝑃(𝐶Ref ) to
suppress it. Since the value range of (1/|𝐶Ref |) ∑𝐶Ref𝑖=1 (𝐼𝑖 −𝜇(𝐶Ref ))2 is much larger than the value range of 𝑃(𝐶Ref ), we
use arctan operation to make them comparable. From the
definition, 𝑉𝑊 denotes the difference within the reference
region, and the undersegmentation problem can be well
overcome by minimizing 𝑉𝑊.
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(a) (b)

Figure 6: Example of reference region: (a) a segmented image by the RGB and (b) the reference region of (a).

2.4.3. Average Gradient. As mentioned above, the purpose of
segmenting US images is to support the latter analysis and
classification in the CAD system, and a wealth of useful and
significant information for classification is contained in the
contour of the focus. Accordingly, to achieve the objective of
acquiring better tumor contours, another part called average
gradient (𝐺𝐴) is employed in our objective function.With the
inspiration of the definition of energy in ACM, 𝐺𝐴 is defined
as follows:

𝐺𝐴 = 1
𝑚
𝑚

∑
𝑖=1

𝐺𝑖 , (11)

where 𝑚 is the number of pixels included in the edge of the
reference region and 𝐺𝑖 denotes the gradient (calculated by
the Sobel operator) of the 𝑖th pixel. Sobel operator is an edge
detection operator based on 2D spatial gradient measure-
ment. It can smooth the noise of the image and provide more
accurate edge direction information than Prewitt andRoberts
operators [59]. 𝐺𝐴 denotes the average energy of the edge of
the reference region.

Maximizing average gradient 𝐺𝐴 obtains more accurate
contour and avoids oversegmentation. If there were overseg-
mentation, the reference region would be included within
the real target area; real target area would be a relatively
homogeneous region within which every partitioned smaller
region would have smaller 𝐺𝐴. Consequently, to increase 𝐺𝐴
would force the contour of the reference region to move
towards that of the real target area. Very often, the edges
of the targets in the US image are not sufficiently clear and
sharp such that we cannot use only 𝐺𝐴 in the objective
function. We take average gradient into account as one of the
three objective functions in optimization process to improve
the segmentation result. In ACM, the initial edge is forced
to approach the real edge through maximizing the energy.
Similar to ACM, maximizing GA can force the contour of the
reference region to approach the real contour of the tumor.

2.4.4.The Final Objective Function. Based on the above three
parts, the objective function is defined as follows:

𝐹𝑂 = 𝑎 ∗ 𝑉𝐵
𝑓𝐵 − 𝑏 ∗ 𝑉𝑊

𝑓𝑊 + 𝑐 ∗ 𝐺𝐴
𝑓𝐴 (12)

𝑓𝐵 = 1
𝑛𝑝
𝑛𝑝

∑
𝑖=1

𝑉𝐵𝑖 (13)

𝑓𝑊 = 1
𝑛𝑝
𝑛𝑝

∑
𝑖=1

𝑉𝑊𝑖 (14)

𝑓𝐴 = 1
𝑛𝑝
𝑛𝑝

∑
𝑖=1

𝐺𝐴𝑖 (15)

𝐹𝑂 = 0.3 ∗ 𝑉𝐵
𝑓𝐵 − 0.3 ∗ 𝑉𝑊

𝑓𝑊 + 0.4 ∗ 𝐺𝐴
𝑓𝐴 , (16)

where 𝑎, 𝑏, 𝑐 are the weights of different objective parts
(𝑎 = 0.3, 𝑏 = 0.3, 𝑐 = 0.4 in our experiment; they can
be adjusted as needed). The final objective function in the
experiment is defined as (16). 𝑉𝐵, 𝑉𝑊, and 𝐺𝐴 are between-
class variance, within-class variance, and average gradient,
respectively. 𝑓𝐵, 𝑓𝑊, and 𝑓𝐴 are normalized factors while
𝑛𝑝 = 200 is the size of particle swarm. Because the value
ranges of 𝑉𝐵, 𝑉𝑊, and 𝐺𝐴 are quite different, they should be
normalized to be comparable. For each US image, 𝑓𝐵, 𝑓𝑊,
and 𝑓𝐴 are calculated once after the uniform initialization
of particle swarm but before the first iteration. We try to
maximize 𝐹𝑂 by the PSO.
2.5. Postprocessing. After the TCI is segmented by the RGB
with the optimal 𝛼 and 𝑘 obtained by the PSO, we turn
it into a binary image containing the object (tumor) and
the background (tissue). Next, morphological opening and
closing are conducted to refine the tumor contour, with
opening to reduce the spicules and closing to fill the holes.
A 5 × 5 elliptical kernel is used for both opening and closing.

2.6. The Proposed MOORGB Segmentation Method. Assum-
ing that the position and velocity of the 𝑖th particle in our case
are expressed as 𝑥𝑖 = (𝑘𝑖, 𝛼𝑖) and V𝑖 = (V𝑘𝑖, V𝛼𝑖), respectively,
the general procedure ofMOORGB is summarized as follows.

Step 1. Manually delineate TCI from the original US image.

Step 2. Use the bilateral filter to do the speckle reduction for
TCI.

Step 3. Enhance the filtered TCI by histogram equalization to
improve the contrast.

Step 4. Improve the homogeneity by performing pyramid
mean shift filtering.
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Step 5. Uniformly initialize the particle swarm within the
search space, and let the iteration count 𝑞 = 0 and so on.

Step 6. Let 𝑞 = 𝑞 + 1; traverse all 𝑛𝑝 particles: in the 𝑞th
traversal, RGB is performed with the position (i.e., 𝑥𝑖 =
(𝑘𝑖, 𝛼𝑖)) of each particle; then evaluate the segmentation result
with the objective function 𝐹𝑂 and obtain 𝑝𝑖 and 𝑝𝑔 by
comparing values of 𝐹𝑂 for updating each particle (including
position and velocity) for next iteration.

Step 7. Iteratively repeat Step 6 until convergence (i.e., 𝑝𝑔
remains stable for 4 generations) or 𝑞 = 𝑁 (𝑁 = 200 in this
paper).

Step 8. After finishing the iteration, the position of the glob-
ally best particle (i.e., 𝑝𝑔) is, namely, the optimal setting of 𝛼
and 𝑘; then get the final segmentation result by performing
RGB with the optimal setting.

Step 9. Turn the segmentation result into a binary image;
then get the final tumor contour by conducting morphologi-
cal opening and closing.

2.7. Experimental Methods. We developed the proposed
method with the C++ language using OpenCV 2.4.3 and
VisualStudio 2010 and run it on a computer with 3.40GHz
CPU and 12.0GBRAM. To validate ourmethod, experiments
have been conducted. Our work is approved by Human
Subject Ethics Committee of South ChinaUniversity of Tech-
nology. In the dataset, 100 clinical breast US images and 18
clinical musculoskeletal US images with the subjects’ consent
forms were provided by the Cancer Center of Sun Yat-sen
University andwere taken from anHDI 5000 SonoCT System
(Philips Medical Systems) with an L12-5 50mm Broadband
Linear Array at the imaging frequency of 7.1MHz.The “true”
tumor regions of these US images were manually delineated
by an experienced radiologist who hasworked onUS imaging
and diagnosis formore than ten years.The contour delineated
by only one doctor is not absolutely accurate because different
doctors may give different “real contours,” which is indeed
a problem in the research. Nevertheless, the rich diagnosis
experience of the doctor has fitted the edge of every tumor
as accurately as possible. This dataset consists of 50 breast
US images with benign tumors, 50 breast US images with
malignant tumors, and 18 musculoskeletal US images with
cysts (including 10 ganglion cysts, 4 keratinizing cysts, and
4 popliteal cysts).

To demonstrate the advantages of the proposed method,
besides PAORGB, we also compared the method with the
other two well-known segmentation methods (i.e., DRLSE
[43] and MSGC [29]). DRLSE method, an advanced level set
evolution approach in recent years, is applied to an edge-
based active contour model for image segmentation. It is
an edge-based segmentation method that needs to set initial
contour manually. The initial contour profoundly affects
the final segmentation result. MSGC is a novel graph-cut
method whose energy function combines region- and edge-
based information to segment US images. It also needs to
crop tumor centered ROI. Among the three comparative
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Cr(i)
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Figure 7: An illustration of computation principle for ARE.

methods, DRLSE is an edge-based method, PAORGB is a
region-basedmethod, andMSGC is a compoundmethod. To
make a comparison of computational efficiency, the methods
PAORGB and MOORGB were programmed in the same
software system. As such, the fourmethods were run with the
same hardware configuration.The ROI is all the same for the
four segmentation methods.

To quantitatively measure the experiment results, four
criteria (i.e., averaged radial error (ARE), true positive vol-
ume fraction (TPVF), false positive volume fraction (FPVF),
and false negative volume fraction (FNVF)) were adopted in
this study.TheARE is used for the evaluation of segmentation
performance by measuring the average radial error of a
segmented contour with respect to the real contour which is
delineated by an expert radiologist. As shown in Figure 7, it
is defined as

ARE (𝑛) = 1
𝑛
𝑛−1

∑
𝑖=0

𝐶𝑠 (𝑖) − 𝐶𝑟 (𝑖)𝐶𝑟 (𝑖) − 𝐶𝑜 × 100%, (17)

where 𝑛 is the number of radial rays and set to 180 in our
experiments while 𝐶𝑜 represents the center of the “true”
tumor region which is delineated by the radiologist and 𝐶𝑠(𝑖)
denotes the location where the contour of the segmented
tumor region crosses the 𝑖th ray, while 𝐶𝑟(𝑖) is the location
where the contour of the “true” tumor region crosses the 𝑖th
ray.

In addition, TPVF, FPVF, and FNVF were also used in
the evaluation of the performance of segmentation methods.
TPVF means true positive volume fraction, indicating the
total fraction of tissue in the “true” tumor region with
which the segmented region overlaps. FPVF means false
positive volume fraction, denoting the amount of tissue
falsely identified by the segmentation method as a fraction of
the total amount of tissue in the “true” tumor region. FNVF
means false negative volume fraction, denoting the fraction
of tissue defined in the “true” tumor region that is missed
by the segmentation method. In our study, the “true” tumor
region is delineated by the radiologist. Figure 8 shows the
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Table 1: Quantitative segmentation results of 50 breast US images with benign tumors.

Methods ARE (%) TPVF (%) FPVF (%) FNVF (%)
Our method 11.09 ± 12.47 85.60 ± 13.71 4.51 ± 20.18 14.40 ± 13.71
PAORGB [26] 16.47 ± 21.41 81.64 ± 29.94 10.52 ± 29.40 18.36 ± 29.94
DRLSE [46] 11.37 ± 13.04 93.60 ± 16.87 14.42 ± 24.33 6.40 ± 16.87
MSGC [24] 15.76 ± 13.18 75.34 ± 16.25 2.51 ± 14.60 24.66 ± 16.24

Table 2: Quantitative segmentation results of 50 breast US images with malignant tumors.

Methods ARE (%) TPVF (%) FPVF (%) FNVF (%)
Our method 10.41 ± 13.62 84.91 ± 16.39 4.43 ± 19.01 15.09 ± 16.39
PAORGB 19.12 ± 27.63 74.98 ± 27.49 10.16 ± 37.09 25.02 ± 27.49
DRLSE 15.84 ± 15.34 95.31 ± 19.75 24.05 ± 20.68 4.69 ± 19.75
MSGC 15.52 ± 22.66 74.12 ± 15.12 2.93 ± 13.17 25.88 ± 15.12

areas corresponding to TPVF, FPVF, and FNVF. Accordingly,
smaller ARE, FPVF, and FNVF and larger TPVF indicate
better segmentation performance. TPVF, FPVF, and FNVF
are defined by

TPVF = 𝐴𝑚 ∩ 𝐴𝑛
𝐴𝑚

FPVF = 𝐴𝑛 − 𝐴𝑚 ∩ 𝐴𝑛
𝐴𝑚

FNVF = 𝐴𝑚 − 𝐴𝑚 ∩ 𝐴𝑛
𝐴𝑚 ,

(18)

where 𝐴𝑚 is the area of the “true” tumor region delineated
by the radiologist and 𝐴𝑛 is the area of the tumor region
obtained by the segmentation algorithm.

3. Experimental Results and Discussion

3.1. Qualitative Analysis. In this paper, we present the seg-
mentation results for five tumors. Five US images with
the segmentation results are shown in Figures 9–13. The
quantitative segmentation results on US images are shown in
Tables 1, 2, 3, and 4. Figures 9(a), 10(a), 11(a), 12(a), and 13(a)
show original B-mode US images for two benign tumors, two
malignant tumors, and onemusculoskeletal cyst, respectively.
After preprocessing the original images, the segmentation
results using the MOORGB are illustrated in Figures 9(b),
10(b), 11(b), 12(b), and 13(b), those using the PAORGB in
Figures 9(d), 10(d), 11(d), 12(d), and 13(d), those using the
DRLSE in Figures 9(e), 10(e), 11(e), 12(e), and 13(e), and those
using the MSGC in Figures 9(f), 10(f), 11(f), 12(f), and 13(f).

In Figures 9–13, we can see that our method achieved
the best segmentation results compared with the other three
methods, and the contour generated by our method is
quite close to the real contour delineated by the radiologist.
Undersegmentation happens in Figures 9(d) and 10(d), but
not in Figures 9(b) and 10(b); and oversegmentation hap-
pens in Figures 12(d) and 13(d), but not in Figures 12(b)

FPVF
TPVFFNVF

AnAm

Figure 8: The areas corresponding to TPVF, FPVF, and FNVF,
respectively.𝐴𝑚 indicates the “true” contour delineated by the radi-
ologist and 𝐴𝑛 denotes the contour obtained by the segmentation
algorithm.

and 13(b). Comparing with the PAORGB, the MOORGB
improves the segmentation results obviously, avoiding the
undersegmentation and oversegmentation more effectively.
Regional uniformity has been significantly improved, and
the edge has been smoother. The reason is that the within-
class variance and average gradient are introduced into the
objective function of MOORGB by combining region- and
edge-based information. The segmentation results of the
MSGC are better than those of the PAORGB and DRLSE,
since MSGC is also a compound method (region energy and
boundary energy are both included in its energy function)
andmany preprocessing techniques are adopted. As shown in
Figures 9(e), 10(e), 11(e), 12(e), and 13(e), the DRLSE can only
roughly detect the tumor contour, and the detected contours
are irregular. The reason is that it depends on edge-based
information and is sensitive to speckle noise and sharp edge;
hence it captures sharp edge easily and leads to boundary
leakage and undersegmentation.
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Figure 9: Segmentation results for the first benign breast tumor. (a) A breast US image with a benign tumor (the contour is delineated by the
radiologist). (b) The result of MOORGB. (c) The final result of MOORGB. (d)The result of PAORGB. (e) The result of DRLSE. (f) The result
of MSGC.

Table 3: Quantitative segmentation results of 18 musculoskeletal US images with cysts.

Methods ARE (%) TPVF (%) FPVF (%) FNVF (%)
Our method 10.85 ± 17.14 85.61 ± 7.75 4.52 ± 34.22 14.30 ± 7.80
PAORGB 20.90 ± 39.66 82.12 ± 29.33 18.00 ± 35.97 17.80 ± 29.40
DRLSE 8.60 ± 12.06 91.90 ± 21.61 10.90 ± 10.72 8.04 ± 21.66
MSGC 14.43 ± 27.30 80.50 ± 17.33 3.9 ± 43.41 19.35 ± 29.65

Table 4: Overall quantitative segmentation results of 118 US images.

Methods ARE (%) TPVF (%) FPVF (%) FNVF (%) Averaged computing
time (s)

Our method 10.77 ± 17.22 85.34 ± 16.69 4.48 ± 34.26 14.67 ± 16.67 50.54
PAORGB 18.27 ± 37.03 78.89 ± 30.24 10.51 ± 35.74 21.10 ± 30.23 719.78
DRLSE 12.84 ± 16.82 94.07 ± 18.51 17.97 ± 28.03 5.92 ± 23.78 5.93
MSGC 15.46 ± 26.27 75.61 ± 17.74 2.9 ± 42.41 24.37 ± 24.63 0.123

3.2. Quantitative Analysis. Table 4 shows the quantitative
comparisons of different segmentation approaches on the
whole dataset. Similarly, we show the quantitative segmen-
tation results of the benign tumors, malignant tumors, and
cysts in Tables 1, 2, and 3, respectively.

Comparing Tables 1 and 3 with Table 2, it is shown that
all four segmentation methods perform better on benign
tumors and musculoskeletal cysts than on malignant tumors
on thewhole, indicating that the boundaries of benign tumors
and musculoskeletal cysts are more significant than those of
malignant tumors. The shape of the benign tumor is more
regular and similar to circle or ellipse. The shape of the
malignant tumor is irregular and usually lobulated with burrs
in the contour. The segmentation result of the malignant
tumor is worse than benign tumors because the contour of

malignant tumor is less regular and less homogenous than
that of benign tumor.

FromTable 4, it is seen that ourmethod achieved the low-
est ARE (10.77%). Due to the undersegmentation, the DRLSE
got the highest TPVF (94.07%) and FPVF (17.97%), indicating
the high ratio of false segmentation.TheMSGCgot the lowest
FPVF (2.9%), which indicates the low ratio of false segmen-
tation, and is the fastest method (0.123 s) among the four
methods. However it got the lowest TPVF (75.61%), showing
oversegmentation in a way. Comparing with the original
PAORGB (as shown in Table 4), our method improves the
segmentation result obviously, achieving higher TPVF and
lower ARE, FPVF, and FNVF. Although MOORGB could
not achieve the best performance in all evaluation indices, it
got the best overall performance. Comparing with DRLSE,
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Figure 10: Segmentation results for the second benign breast tumor. (a) A breast US image with a benign tumor (the contour is delineated
by the radiologist). (b)The result of MOORGB. (c)The final result of MOORGB. (d)The result of PAORGB. (e)The result of DRLSE. (f)The
result of MSGC.

(a) (b) (c)

(d) (e) (f)

Figure 11: Segmentation results for the first malignant breast tumor. (a) A breast US image with a malignant tumor (the contour is delineated
by the radiologist). (b)The result of MOORGB. (c)The final result of MOORGB. (d)The result of PAORGB. (e)The result of DRLSE. (f)The
result of MSGC.

our method was 6.45% lower than it in TPVF but 8.75%
better than it in FPVF, obtaining better overall performance.
Comparing with MSGC, our method was 1.58% higher than
it in FPVF but 9.93% better than it in TPVF, obtaining better

overall performance and avoiding oversegmentation in a way.
As shown in Table 4, our method is faster than the PAORGB.
It is because the convergence condition in our method is that
“𝑝𝑔 remains stable for 4 generations,” rather than that “the
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Figure 12: Segmentation results for the second malignant breast tumor. (a) A breast US image with a malignant tumor (the contour is
delineated by the radiologist). (b) The result of MOORGB. (c) The final result of MOORGB. (d) The result of PAORGB. (e) The result of
DRLSE. (f) The result of MSGC.

(a) (b) (c)

(d) (e) (f)

Figure 13: Segmentation results for the keratinizing cyst. (a) A musculoskeletal US image with a cyst (the contour is delineated by the
radiologist). (b) The result of MOORGB. (c) The final result of MOORGB. (d)The result of PAORGB. (e) The result of DRLSE. (f) The result
of MSGC.

updating of 𝑘 is below 1 and that of 𝛼 is below 0.00001 for all
the particles in an experiment” in the PAORGB [31].

3.3. The Influence of the Weight. Our method synthesizes
three optimization objective functions (between-class vari-
ance 𝑉𝐵, within-class variance 𝑉𝑊, and average gradient
𝐺𝐴). Thus the weight values of three objective parts (i.e., 𝑎,

𝑏, and 𝑐) are introduced. Figure 14 shows the comparison
of experimental results with different weight values. From
Figures 14(a), 14(b), and 14(c) and Table 5, we can see that
when the weight values of the three objective functions are
almost the same, three optimization objectives play nearly
equal roles in the optimization process, making the algorithm
not only region-based but also edge-based. When one of
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(a) The original image

(b) 𝑎 = 0.4, 𝑏 = 0.3, 𝑐 = 0.3 (c) 𝑎 = 0.3, 𝑏 = 0.4, 𝑐 = 0.4 (d) 𝑎 = 0.3, 𝑏 = 0.3, 𝑐 = 0.4

(e) 𝑎 = 0.6, 𝑏 = 0.2, 𝑐 = 0.2 (f) 𝑎 = 0.2, 𝑏 = 0.6, 𝑐 = 0.2 (g) 𝑎 = 0.2, 𝑏 = 0.2, 𝑐 = 0.6

(h) 𝑎 = 0.8, 𝑏 = 0.1, 𝑐 = 0.1 (i) 𝑎 = 0.1, 𝑏 = 0.8, 𝑐 = 0.1 (j) 𝑎 = 0.1, 𝑏 = 0.1, 𝑐 = 0.8

(k) 𝑎 = 1, 𝑏 = 0, 𝑐 = 0 (l) 𝑎 = 0, 𝑏 = 1, 𝑐 = 0 (m) 𝑎 = 0, 𝑏 = 0, 𝑐 = 1

Figure 14: The segmentation results with different weights (𝑎, 𝑏, 𝑐).
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Table 5: Quantitative segmentation results of 15 US images with different weight values.

Methods ARE (%) TPVF (%) FPVF (%) FNVF (%)
𝑎 = 0.4, 𝑏 = 0.3, 𝑐 = 0.3 10.67 85.61 4.52 14.70
𝑎 = 0.3, 𝑏 = 0.4, 𝑐 = 0.3 10.71 85.60 4.51 14.69
𝑎 = 0.3, 𝑏 = 0.3, 𝑐 = 0.4 10.69 85.60 4.52 14.69
𝑎 = 0.6, 𝑏 = 0.2, 𝑐 = 0.2 10.47 85.51 4.49 14.91
𝑎 = 0.2, 𝑏 = 0.6, 𝑐 = 0.2 10.59 85.52 4.50 14.73
𝑎 = 0.2, 𝑏 = 0.2, 𝑐 = 0.6 10.74 85.64 4.80 14.75
𝑎 = 0.8, 𝑏 = 0.2, 𝑐 = 0.2 11.12 84.97 5.44 15.39
𝑎 = 0.2, 𝑏 = 0.8, 𝑐 = 0.2 11.25 85.03 5.78 15.41
𝑎 = 0.2, 𝑏 = 0.2, 𝑐 = 0.8 11.23 84.77 5.61 15.28
𝑎 = 1, 𝑏 = 0, 𝑐 = 0 12.92 83.39 6.78 16.07
𝑎 = 0, 𝑏 = 1, 𝑐 = 0 69.84 98.86 154.72 0.46
𝑎 = 0, 𝑏 = 0, 𝑐 = 1 8.97 87.79 10.49 17.93

the three weight values is overlarge, it would not be able to
reflect the three optimization results evenly, hence leading to
oversegmentation or undersegmentation. As shown in Fig-
ures 14(k), 14(l), and 14(m), if one of the three weight values
equals one, the proposed method degenerated into a single
objective optimization algorithm, and the optimization goal
is only one role, which cannot avoid oversegmentation and
undersegmentation effectively. Through analyzing the influ-
ence of different weight values of objective functions and our
repeated experiments, we can set the system parameters as
𝑎 = 𝑏 = 0.3, 𝑐 = 0.4. The final objective function is described
as (16) which can make segmentation system work well.

4. Conclusions

In this paper, we propose a novel segmentation scheme for
US images based on the RGB and PSO methods. In this
scheme, the PSO is used to optimally set the two significant
parameters in the RGB for determining the segmentation
result automatically. To combine region-based and edge-
based information, we consider the optimization as a mul-
tiobjective problem. First, because of the low contrast and
speckle noises of US images, the ROI image is filtered
by a bilateral filter and contrast-enhanced by histogram
equalization and then pyramid mean shift is executed on the
enhanced image to improve homogeneity. A novel objective
function consisting of three parts corresponding to region-
based and edge-based information is adopted by PSO. The
between-class variance denotes the difference between the
reference region and its adjacent regions. The within-class
variance denotes the difference within the reference region,
and the undersegmentation problem can be well overcome
by minimizing it. Between-class variance and within-class
variance reflect the regional information. The average gradi-
ent denotes the average energy of the edge of the reference
region and maximizing it can force the contour of the
reference region to approach the real contour of the tumor.
Average gradient reflects the edge-based information of the
image. Three optimization objectives play important roles
in the optimization process, making the algorithm achieve

the corresponding segmentation effect, not only region-
based but also edge-based. With the optimization of PSO,
RGB is performed to segment the ROI image. Finally, the
segmented image is processed by morphological opening
and closing to refine the tumor contour. To validate our
method, experiments have been conducted on 118 clinical
US images, including breast US images and musculoskeletal
US images. The segmentation results of our method have
been compared with the corresponding results obtained by
three existing approaches, and four metrics have been used
to measure the segmentation performance.The experimental
results show that our method could successfully segment US
images and achieved the best segmentation results compared
with the other three methods, MSGC, PAORGB, and DRLSE.
The contour generated by our method was closer to the
real contour delineated by the radiologist. The MOORGB
obtained the lowest ARE and better overall performance in
TPVF, FPVF, and FNVF, avoiding the undersegmentation
and oversegmentation more effectively.

However, the step to obtain TCI (as shown in Figure 2)
requires user’s participation which may result in significant
influence on the following segmentation. To obtain accept-
able segmentation results, the operator should be well expe-
rienced in examining US images and identifying suspicious
lesions in clinical practices. Moreover, the TCI should be
carefully delineated to achieve the full lesion region with
partial surrounding tissues, and the interested lesion region
must be located in the central part. Consequently, how to
automatically extract TCI from the BUS image is one of
our future studies. In addition, the computation time is still
far away from real-time applications. Accordingly, making
efforts to reduce the computation time by adopting parallel
processing techniques is also part of our future work. Besides,
adopting our segmentation method in real CAD systems to
validate the whole performance will be included in our future
work.

Conflicts of Interest

The authors declare that they have no conflicts of interest.



16 BioMed Research International

Authors’ Contributions

Yaozhong Luo and Longzhong Liu have contributed equally
to this work.

Acknowledgments

This work was partially supported by National Natu-
ral Science Foundation of China (nos. 61372007 and
61571193), Guangzhou Key Lab of Body Data Science (no.
201605030011), and Guangdong Provincial Science and Tech-
nology Program-International Collaborative Projects (no.
2014A050503020).

References

[1] B. Sahiner, H.-P. Chan, M. A. Roubidoux et al., “Malignant and
benign breast masses on 3D US volumetric images: effect of
computer-aided diagnosis on radiologist accuracy,” Radiology,
vol. 242, no. 3, pp. 716–724, 2007.

[2] C.-M. Chen, Y.-H. Chou, K.-C. Han et al., “Breast lesions
on sonograms: computer-aided diagnosis with nearly setting-
independent features and artificial neural networks,” Radiology,
vol. 226, no. 2, pp. 504–514, 2003.

[3] K. Drukker, M. L. Giger, K. Horsch, M. A. Kupinski, C. J.
Vyborny, and E. B. Mendelson, “Computerized lesion detection
on breast ultrasound,” Medical Physics, vol. 29, no. 7, pp. 1438–
1446, 2002.

[4] Q. Li, W. Zhang, X. Guan, Y. Bai, and J. Jia, “An improved
approach for accurate and efficient measurement of common
carotid artery intima-media thickness in ultrasound images,”
BioMed Research International, vol. 2014, Article ID 740328, 8
pages, 2014.

[5] B. O. Anderson, R. Shyyan, A. Eniu et al., “Breast cancer in
limited-resource countries: an overview of the breast health
global initiative 2005 guidelines,” Breast Journal, vol. 12, no. 1,
pp. S3–S15, 2006.

[6] V. Naik, R. S. Gamad, and P. P. Bansod, “Carotid artery segmen-
tation in ultrasound images and measurement of intima-media
thickness,” BioMed Research International, vol. 2013, Article ID
801962, 10 pages, 2013.

[7] Y. L. Huang, D. R. Chen, and Y. K. Liu, “Breast cancer diag-
nosis using image retrieval for different ultrasonic systems,” in
Proceedings of the International Conference on Image Processing,
ICIP, pp. 2957–2960, Institute of Electrical and Electronics
Engineers, Singapore, 2004.

[8] H. D. Cheng, J. Shan, W. Ju, Y. Guo, and L. Zhang, “Automated
breast cancer detection and classification using ultrasound
images: a survey,” Pattern Recognition, vol. 43, no. 1, pp. 299–
317, 2010.

[9] Y. Li, W. Liu, X. Li, Q. Huang, and X. Li, “GA-SIFT: a new
scale invariant feature transform for multispectral image using
geometric algebra,” Information Sciences, vol. 281, pp. 559–572,
2014.

[10] J. Shi, S. Zhou, X. Liu, Q. Zhang, M. Lu, and T. Wang, “Stacked
deep polynomial network based representation learning for
tumor classification with small ultrasound image dataset,”
Neurocomputing, vol. 194, pp. 87–94, 2016.

[11] J. A. Noble and D. Boukerroui, “Ultrasound image segmenta-
tion: a survey,” IEEE Transactions on Medical Imaging, vol. 25,
no. 8, pp. 987–1010, 2006.

[12] J. Peng, J. Shen, and X. Li, “High-Order Energies for Stereo
Segmentation,” IEEE Transactions on Cybernetics, vol. 46, no. 7,
pp. 1616–1627, 2016.

[13] M. Xian, Y. Zhang, H.-D. Cheng, F. Xu, and J. Ding, “Neutro-
connectedness cut,” IEEE Transactions on Image Processing, vol.
25, no. 10, pp. 4691–4703, 2016.

[14] P. N. T. Wells andM. Halliwell, “Speckle in ultrasonic imaging,”
Ultrasonics, vol. 19, no. 5, pp. 225–229, 1981.

[15] G. Xiao, M. Brady, J. A. Noble, and Y. Zhang, “Segmentation
of ultrasound B-mode images with intensity inhomogeneity
correction,” IEEE Transactions on Medical Imaging, vol. 21, no.
1, pp. 48–57, 2002.

[16] S. Y. Joo, W. K. Moon, and H. C. Kim, “Computer-aided diag-
nosis of solid breast nodules on ultrasound with digital image
processing and artificial neural network,” in Proceedings of the
26th Annual International Conference of, vol. 2, pp. 1397–1400,
San Francisco, CA, USA, 2004.

[17] K. Horsch, M. L. Giger, C. J. Vyborny, and L. A. Venta, “Perfor-
mance of Computer-Aided Diagnosis in the Interpretation of
Lesions on Breast Sonography,” Academic Radiology, vol. 11, no.
3, pp. 272–280, 2004.

[18] M. H. Yap, E. A. Edirisinghe, and H. E. Bez, “Fully automatic
lesion boundary detection in ultrasound breast images,” in
Medical Imaging 2007: Image Processing, vol. 6512 of Proceedings
of SPIE, p. I5123, San Diego, Calif, USA, 2007.

[19] N. A. M. Isa, S. Sabarudin, U. K. Ngah, and K. Z. Zamli,
“Automatic detection of breast tumours fromultrasound images
using the modified seed based region growing technique,” in
Proceedings of the 9th International Conference on Knowledge-
Based Intelligent Information and Engineering Systems, vol.
3682, pp. 138–144, Springer, La Trobe University, Melbourne,
Australia, 2005.

[20] J. Shan, H. D. Cheng, and Y. Wang, “A novel segmentation
method for breast ultrasound images based on neutrosophic l-
means clustering,”Medical Physics, vol. 39, no. 9, pp. 5669–5682,
2012.

[21] H. B. Kekre and P. Shrinath, “Tumour delineation using statisti-
cal properties of the breast us images and vector quantization
based clustering algorithms,” International Journal of Image,
Graphics and Signal Processing, vol. 5, no. 11, pp. 1–12, 2013.

[22] W. K. Moon, C.-M. Lo, R.-T. Chen et al., “Tumor detection in
automated breast ultrasound images using quantitative tissue
clustering,” Medical Physics, vol. 41, no. 4, Article ID 042901,
2014.

[23] D. Boukerroui, O. Basset, N. Guérin, and A. Baskurt, “Multires-
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[47] Y. Guo, A. Şengür, and J. W. Tian, “A novel breast ultrasound
image segmentation algorithm based on neutrosophic similar-
ity score and level set,” Computer Methods and Programs in
Biomedicine, vol. 123, pp. 43–53, 2016.

[48] A. T. Stavros, D. Thickman, C. L. Rapp, M. A. Dennis, S. H.
Parker, and G. A. Sisney, “Solid breast nodules: use of sonog-
raphy to distinguish between benign and malignant lesions,”
Radiology, vol. 196, no. 1, pp. 123–134, 1995.

[49] W. Leucht andD. Leucht, “TeachingAtlas of BreastUltrasound,”
pp. 24–38, Thieme Medical, Stuttgart, Germany, 2000.

[50] R. F. Chang, W. J. Wu,W. K. Moon, W. M. Chen, W. Lee, and D.
R. Chen, “Segmentation of breast tumor in three-dimensional
ultrasound images using three-dimensional discrete active con-
tour model,”Ultrasound in Medicine and Biology, vol. 29, no. 11,
pp. 1571–1581, 2003.

[51] Y. L.Huang andD.R.Chen, “Watershed segmentation for breast
tumor in 2-D sonography,”Ultrasound in Medicine and Biology,
vol. 30, no. 5, pp. 625–632, 2004.

[52] Y. L. Huang and D. R. Chen, “Automatic contouring for breast
tumors in 2-D sonography,” in Proceedings of the 27th Annual
International Conference of the IEEE Engineering in Medicine
and Biology Society (IEEE), pp. 3225–3228, IEEE, Shanghai,
China, 2005.

[53] Y. L. Huang, Y. R. Jiang, D. R. Chen, andW. K. Moon, “Level set
contouring for breast tumor in sonography,” Journal of Digital
Imaging, vol. 20, no. 3, pp. 238–247, 2007.

[54] M. Aleman-Flores, L. Alvarez, and V. Caselles, “Texture-
oriented anisotropic filtering and geodesic active contours in
breast tumor ultrasound segmentation,” Journal of Math Imag-
ing Vision, vol. 28, no. 1, pp. 81–97, 2007.

[55] W. M. Wang, L. Zhu, J. Qin, Y. P. Chui, B. N. Li, and P. A. Heng,
“Multiscale geodesic active contours for ultrasound image
segmentation using speckle reducing anisotropic diffusion,”
Optics and Lasers in Engineering, vol. 54, pp. 105–116, 2014.

[56] J. Kennedy and R. Eberhart, “Particle swarm optimization,” in
Proceedings of the International Conference on Neural Networks,
(ICNN ’95), vol. 4, pp. 1942–1948, IEEE, Perth, Australia, 1995.

[57] K. E. Parsopoulos and M. N. Vrahatis, “Particle swarm opti-
mization method in multiobjective problems,” pp. 603–607,
Proceedings of the ACM symposium, Madrid, Spain, March
2002.

[58] M. Elad, “On the origin of the bilateral filter and ways to
improve it,” IEEE Transactions on Image Processing, vol. 11, no.
10, pp. 1141–1151, 2002.

[59] R. C. Gonzalez and R. E. Woods, Digital Image Processing,
Prentice Hall, Upper Saddle River, NJ, USA, 2nd edition, 2001.



18 BioMed Research International

[60] D. Comaniciu and P. Meer, “Mean shift analysis and applica-
tions,” in Proceedings of the 7th IEEE International Conference
on Computer Vision, vol. 2, pp. 1197–1203, Kerkyra, Greece,
September 1999.

[61] N. Otsu, “A threshold selection method from gray-level his-
tograms,” Automatica, vol. 11, pp. 23–27, 1975.

[62] N. R. Pal and D. Bhandari, “Image thresholding: some new
techniques,” Signal Processing, vol. 33, no. 2, pp. 139–158, 1993.



Research Article
Age and Sex Effects on the Active Stiffness of Vastus Intermedius
under Isometric Contraction

Cong-Zhi Wang,1,2 Jing-Yi Guo,2 Tian-Jie Li,2 Yongjin Zhou,3

Wenxiu Shi,3 and Yong-Ping Zheng2

1Paul C. Lauterbur Research Center for Biomedical Imaging, Institute of Biomedical and Health Engineering,
Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences, Shenzhen, China
2Interdisciplinary Division of Biomedical Engineering, the Hong Kong Polytechnic University, Hong Kong
3School of Biomedical Engineering, Shenzhen University, Shenzhen, China

Correspondence should be addressed to Yongjin Zhou; yjzhou@szu.edu.cn

Received 5 August 2016; Revised 30 October 2016; Accepted 16 March 2017; Published 3 April 2017

Academic Editor: Hiroshi Tanaka

Copyright © 2017 Cong-Zhi Wang et al.This is an open access article distributed under theCreativeCommonsAttribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Previously, a novel technique was proposed to quantify the relationship between the muscle stiffness and its nonfatigue contraction
intensity. The method extended the measured range of isometric contraction to 100% maximum voluntary contraction (MVC)
using an ultrasonic shear wave measurement setup. Yet, it has not been revealed how this relationship could be affected by factors
like age or sex. To clarify these questions, vastus intermedius (VI) stiffness of 40 healthy subjects was assessed under 11 step levels of
isometric contraction. The subjects were divided into four groups: young males, young females, elderly males, and elderly females
(𝑛 = 10 for each). In a relaxed state, no significant difference was observed between the male and female subjects (𝑝 = 0.156) nor
between the young and elderly subjects (𝑝 = 0.221). However, when performing isometric contraction, the VI stiffness ofmales was
found to be significantly higher than that of females at the same level (𝑝 < 0.001), and that of the young was higher than the elderly
(𝑝 < 0.001). Meanwhile, for two knee joint angles used, the stiffness measured at a 90∘ knee joint angle was always significantly
larger than that measured at 60∘ (𝑝 < 0.001). Recognizing the active muscle stiffness of VI contributes to body stability, and these
results may provide insight into the age and sex bias in musculoskeletal studies, such as those on fall risks.

1. Introduction

Skeletal muscle is the largest tissue within the fat-free human
body mass. Its primary function, force generation, is based
on its ability to contract voluntary. The neuromuscular
activity during muscle contraction has been studied in depth
by means of electromyography (EMG) and mechanomyo-
graphy (MMG) signals (e.g., [1, 2]). Similar studies have
also been performed by morphological parameters, such
as muscle thickness, pennation angle, fascicle length, and
cross-sectional area (CSA), which can be estimated in vivo
from medical images [3, 4]. In particular, the age and sex
effects on these neuromuscular features and morphology
characteristics have become the focus of research. The
degenerative loss of skeletal muscle mass and strength in
elderly humans have been confirmed and were found to
be associated with the increased susceptibility to fall and a

decreasing mobility [5–8]. The higher risk of injury among
females on their joints was also found to be related to
the sex differences of the skeletal muscle characteristics [9–
11]. Furthermore, for voluntary muscle contraction under
different joint angles, EMG activity and some morphology
characteristics have been proved to also change [12–15].
In addition to neuromuscular features and morphological
characteristics, recently the mechanical properties of skeletal
muscle have attracted more attention. Skeletal muscle is
typically composed of contractile (myosin) and passive elastic
(actin and connective tissues) components. Stiffness, which
is observed in both active and passive muscle behaviours, has
been shown to contribute significantly to muscle efficiency
[16]. Passive stiffness of muscle is important for the control
of movement because it determines the muscle resistance
to external perturbations, while active muscle stiffness plays
a key role in both force generation and body movements.
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It is well-known from simple palpation that muscle stiff-
ness increases during voluntary contraction, and quantifying
muscle stiffness under different voluntary contraction lev-
els can help us better understand the muscle recruitment
strategies. Subsequently, a number of methods have been
developed for noninvasive muscle stiffness assessment, such
as the indentation assessment method [2], sonoelastography
[17], transient elastography [18], supersonic shear imaging
(SSI) [19, 20], shear wave dispersion ultrasound vibrometry
(SDUV) [21], and magnetic resonance elastography (MRE)
[22–24]. It has been reported that different muscles exhibited
different stiffness in a relaxed state [23], and it has been
also found that the stiffness of skeletal muscle is positively
correlated to its nonfatigue contraction intensity within a
small range of isometric contraction levels, that is, from 0%
to 20–60% maximum voluntary contraction (MVC) levels
[18, 20, 22, 24]. However, due to the limitation of the mea-
surement range, this conclusion has rarely been verified over
the entire range of isometric contraction, that is, from 0% to
100%MVC. In our previous study [25, 26], a vibroultrasound
setup has been reported to assess the shear modulus of
skeletal muscle along the direction of muscle action. The
positive correlation between the shear modulus of vastus
intermedius (VI) and the relative isometric contraction level
(% MVC) of the knee extensor has been verified over the
entire range of isometric contraction on young and elderly
healthy females subjects. However, the effects of different age
ranges and sex on the relationship between muscle stiffness
and isometric contraction levels have not been systematically
studied, although some related studies have been performed
separately [26–29], but none over the entire range of MVC.
To clarify these questions, vastus intermedius, one of the
quadriceps femoris muscles, was selected as the target of this
study. Quadriceps femoris is a muscle group including four
powerful extensors of knee joint on the front of the thigh. VI
lies between vastus lateralis (VL) and vastus medialis (VM),
right under the rectus femoris (RF) and above the femur.They
are the strongest and leanest muscles of the human body and
are crucial in walking, running, jumping, and squatting [30].
Previously, several studies have been performed to investigate
the structure, function, and characteristics of quadriceps
femoris muscles, including their mechanical properties [5,
22, 23, 31]. In addition, the sex difference between adult men
and women [32] and the age difference between young and
elderly adults [5] of the morphological parameters have also
been compared. In the present study, VI stiffness was assessed
on the subjects from four different subject groups: young
males, young females, elderly males, and elderly females (𝑛 =
10 for each group), and the experiments were repeated at
two different knee joint angles, 90∘ and 60∘ (0∘ corresponds
to full extension for all joint angles in this paper). The
age and sex effects on VI stiffness over the entire range of
step isometric contraction were systematically analyzed and
discussed. It is believed that these results could provide new
information regarding the phenomenon, such as the higher
risk of ACL (anterior cruciate ligament), cartilage injury, or
fall among females than males, and facilitate investigations
on the process of muscle ageing and the probability of its
rehabilitation.

2. Materials and Methods

2.1. Ethics Statement. In this study, human subject ethical
approval was obtained from the Human Ethics Committee of
the Hong Kong Polytechnic University, and the experimental
protocol was explained to all of the subjects and they were
asked to sign the informed consent form prior to the experi-
ment.

2.2. Subjects Selection. Forty healthy subjects volunteered
to participate in the experiments and were divided into
four groups: young males, young females, elderly males, and
elderly females (Table 1). They were asked not to participate
in any strength or flexibility training one day before the
experiment.

The experimental setup was almost the same as that
described in our previous study [26].

The vibroultrasound system consists of a mechanical
vibrator, a programmable ultrasound scanner, and a custom-
made program for radiofrequency data acquisition. An
electromagnetic vibrator (minishaker type 4810, Brüel and
Kjær, Nærum, Denmark), which was driven by a power
amplifier and controlled by a function generator, was used to
induce transient low-frequency shear waves (monochromatic
sinusoidal pulse). An ultrasound linear array probe was
placed along the muscle action direction, so that the tissue
movements in response to external mechanical vibration
can be monitored by two separated ultrasound scan lines
(to spatially sample the induced shear waves), as shown in
Figures 1(a) and 1(b) [26]. The distance between these two
lines wasΔ𝑟 (15mm in this study) and the time delay between
the two positions was Δ𝑡.

Then the shear wave velocity 𝑐
𝑠
could be calculated by

𝑐
𝑠
=
Δ𝑟

Δ𝑡
. (1)

The shear modulus 𝜇 of the measured muscle can then be
calculated via the following equation:

𝜇 = 𝜌𝑐
𝑠

2
, (2)

where 𝜌 was the mass density of the muscle tissue, using a
reported approximate value as 1000 kg/m3. The equation and
the parameter value used have been proved to be promising
for estimating the shear modulus of skeletal muscle in many
previous studies [22–24, 26, 33]. The data acquisition part
was developed based on a commercial ultrasound scanner
SonixRP (UltrasonixMedical Corp.Vancouver, Canada)with
a 5–14MHz linear array probe. B-mode images were first
acquired using a predefined penetration depth (65mm in
this study) to help position the probe. When triggered by
an external signal of starting vibration, B-mode imaging
was stopped and two scan lines were repeated with a high
frame rate (4.6 kHz in this study).The tissuemovements were
then estimated by an improved cross-correlation algorithm
and the shear wave velocity and shear modulus were cal-
culated. Isometric torque generated by the knee extensors
was assessed using a HUMAC NORM rehabilitation system
(Computer Sports Medicine, Inc., Stoughton, MA, USA).
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Figure 1: Illustration (a) and photo (b) of the experiment setup for human subjects.

The machine was set to a knee joint isolated movement
pattern and isometric resistance mode, under which the knee
joint angle can be set and fixed. The EMG signals were also
captured from the surface of VL muscle, but the results were
not included in this paper. The whole experimental setup for
human subjects is illustrated in Figure 1.

2.3. Experimental Protocol. At first, the ultrasound probe
was placed on the middle part of the RF muscle belly right
above the VI and femur with the guidance of B-mode images.
The distance between the probe and vibrator was set to be
approximately 10mm (i.e., the distance between the short
push bar and the proximal scan line was about 20mm).
The MVC torque was first assessed as the highest torque
value of subjects produced from three successive isometric

contractions, when subjects were asked to put forth all of their
strength to extend their knee joints. Next, themuscle stiffness
was measured three times in a relaxed state. Then the subject
was asked to maintain isometric contraction at different lev-
els, from 10% to 100%MVC, with an increase of 10%MVC for
each step. At each level, assessments were performed for three
times with about a 1min interval for a rest to avoid fatigue.
For each trial, the subject was asked to maintain the iso-
metric contraction for approximately 4 s. Experiments were
performed at two different knee joint angles, 90∘ and 60∘.

2.4. Data Analysis. Part of the data, measured on the young
and elderly female subjects at a 60∘ knee joint angle, has
been presented and analyzed in our previous study [26].
A more detailed comparison was performed in this paper
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on the data of all four groups of subjects. A total of 2640
(4 [groups: young males, young females, elderly males, and
elderly females] × 10 [subjects per group] × 11 [contraction
levels: 0%–100%MVC] × 2 [knee joint angles] × 3 [measured
three times]) shear modulus assessments were performed by
the same investigator. To study the influences of the interested
factors, including age and sex, on the muscle stiffness in a
relaxed state and different isometric contraction levels, four-
way repeated measure analyses of variance (ANOVA) (age
[young and elderly] × sex [male and female] × knee joint
angles [90∘ and 60∘] × % MVC [0%–100%, 11 levels]) were
used to analyze the shear modulus of the VI. Specially, the
comparison of the VI shear modulus measured in a relaxed
state (0%MVC) was first performed separately using a three-
way ANOVA method.

Two methods were used to exhibit the different contrac-
tion intensities; onewas to use the relativemuscle contraction
level (% MVC), and the other one was to use the absolute
torque of the knee joint extensors. These two methods
focused on different aspects. Using the former aspect, muscle
stiffness was studied at different relative levels of the maximal
muscle contraction capability for each person, considering
the individual muscle strength difference. On the other hand,
using the later aspect,muscle stiffnesswas generally evaluated
corresponding to the absolute torque and it is meaningful
in a specific group of people. The results of both methods
could help us to further understand the muscle function
and recruitment strategies from different perspectives, that
is, from the perspective of the changes of its mechanical
properties over the entire range of step isometric contraction,
besides the perspective of neuroelectric activity, which is
conventionally measured by electromyography (EMG). In
our study, to determine the relationship between the VI
stiffness and relative isometric contraction level (% MVC),
polynomial regression analyses by linear, quadratic, and
cubic models were performed for each individual, and the
coefficients of determination (𝑅2) values of thesemodels were
compared using one-wayANOVA to find the best model.The
mean shear modulus values across the ten subjects in each
group then were fitted with the relative isometric contraction
level (% MVC) using a quadratic regression model. From
another perspective, to study the relationship between the
VI shear modulus and the corresponding absolute torque,
quadratic regression was performed for each individual sub-
ject and the 10 sets of polynomial coefficients in each group
were averaged to represent the trend of this relationship. The
achieved quadratic curvewas plotted in a range from0N⋅mto
the mean MVC torque value in each group. All the data were
analyzed using SPSS (SPSS Inc., Chicago, IL, USA). Statistical
significance was set at the 5% probability level.

3. Results

3.1. Results of Multiway ANOVA Analysis. Firstly, the mean
MVC torques of the knee extensors in each group, and for
different knee joint angles, are listed in Table 2. The results
of the three-way ANOVA showed that the main effects of
age (𝑝 = 0.01), sex (𝑝 < 0.001), and knee joint angle (𝑝 =
0.001) factors were all significant for the mean MVC torque.

Table 1: Demographic information of the subjects presented with
mean (SD).

Age (yr) Height (cm) Mass (kg)
Young males (𝑛 = 10) 29.4 (4.8) 174.7 (8.1) 73.3 (13.0)
Young females (𝑛 = 10) 27.6 (5.0) 164.3 (4.4) 55.3 (4.0)
Elderly males (𝑛 = 10) 60.6 (7.6) 166.7 (5.8) 66.1 (11.9)
Elderly females (𝑛 = 10) 56.7 (4.9) 156.9 (5.6) 58.9 (8.4)

However, all of the two-way interaction effects were not signi-
ficant (all 𝑝 > 0.1). According to the estimated marginal
mean values provided by the ANOVA method (the marginal
means for one factor are the means for that factor averaged
across all levels of the other factors), the conclusion was
that the mean MVC torque for males was larger than that
for females; the values from young subjects were larger than
those from elderly subjects; the values measured at the 90∘
knee joint angle were larger than those measured at 60∘.

Comparison of the VI shear modulus in a relaxed state
(0% MVC) was performed first. The means of VI shear
modulus from each group are shown in Table 3. Results of
the multiway ANOVA showed that there was no significant
main effect for sex (𝑝 = 0.156) and age (𝑝 = 0.221) factors,
and an interactive effect between each of the two factors (all
𝑝 > 0.05) on the VI shearmodulus wasmeasured in a relaxed
state. However, there was a significant main effect for the
knee joint angle factor (𝑝 = 0.001) on the VI shear modulus.
The estimated marginal mean value of the VI shear modulus
measured at 90∘ knee joint angle (16.2 ± 8.1 kPa) was larger
than the mean value at 60∘ knee joint angle (11.1 ± 4.4 kPa)
in this state.

For the VI shear modulus measured under different step
isometric contraction levels, there were no significant four-
or three-way interaction effects among the four factors (sex
× age × % MVC × knee joint angles, all 𝑝 > 0.05). All of
the main effects of the single factor on the VI shear modulus
were significant.The estimatedmarginal mean value of males
was larger than that of females (𝑝 < 0.001). The mean value
of young subjects was larger than that of elderly participants
(𝑝 < 0.001), and the mean value measured at a 90∘ knee joint
angle was larger than that measured at 60∘ (𝑝 < 0.001). In
addition, the results of the post hoc Bonferroni test for the
VI shear modulus measured at different percentages of MVC
levels are shown in Table 4, which shows the detailed effects
of the relative isometric contraction level on VI stiffness.
Furthermore, all of the two-way interactions, including the
sex factor, were not significant (all 𝑝 > 0.1) and all other two-
way interaction effects, that is, age and % MVC, joint angles
and % MVC, and age and joint angles, were significant (all
𝑝 < 0.001). For age and %MVC interaction, with an increase
in the % MVC, differences between the VI shear modulus
of young subjects and that of elderly subjects also increased.
A similar relationship was also found for joint angles and %
MVC; with an increase in the % MVC, differences between
the VI shear modulus measured at a 90∘ knee joint angle
and that at 60∘ also increased. For age and joint angles,
the differences of VI shear modulus between the young and
elderly subjects were larger at a 90∘ knee joint angle than
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Table 2: The mean MVC torque (N⋅m) of knee extensors in each group at 90∘ and 60∘ knee joint angles.

Knee joint angle Young male Young female Elderly male
90∘ 166 ± 32.8 126 ± 34.0 146 ± 29.8 102 ± 30.4

60∘ 136 ± 18.4 102 ± 32.0 130 ± 28.6 84 ± 18.4

Table 3: The mean VI shear modulus (kPa) of each group in a relaxed state (0% MVC), shown separately for 90∘ and 60∘ knee joint angles.

Knee joint angle Young male Young female Elderly male Elderly female
90∘ 14.5 ± 6.3 19.0 ± 10.2 13.8 ± 7.4 17.2 ± 8.4

60∘ 11.6 ± 3.5 12.8 ± 5.4 10.3 ± 5.0 9.5 ± 3.3

Table 4: Multiway ANOVA showed significant main effects of per-
centage ofMVC level onVI shearmodulus.The post hoc Bonferroni
comparisons results showed the details of the relationships among
these levels.

Percentage of MVC Post hoc comparisons results
0% <30%–100%, 𝑝 < 0.05
10% <40%–100%, 𝑝 < 0.005
20% <50%–100%, 𝑝 < 0.001
30% >0%, 𝑝 < 0.05; <50%–100%, 𝑝 < 0.05
40% >0%–10%, 𝑝 < 0.005; <60%–100%, 𝑝 < 0.001
50% >0%–30%, 𝑝 < 0.05; <70%–100%, 𝑝 < 0.001
60% >0%–40%, 𝑝 < 0.001; <80%–100%, 𝑝 < 0.001
70% >0%–50%, 𝑝 < 0.001; <80%–100%, 𝑝 < 0.05
80% >0%–70%, 𝑝 < 0.05; <90%–100%, 𝑝 < 0.005
90% >0%–80%, 𝑝 < 0.005; <100%, 𝑝 < 0.001
100% >0%–90%, 𝑝 < 0.001

at 60∘. The detailed relationships are shown in Figure 2
by plotting the estimated marginal means of the VI shear
modulus together.

3.2. Analysis Based on Relative Isometric Contraction Level (%
MVC). Polynomial regression analyses by linear, quadratic,
and cubic models were performed on the relationship
between VI shear modulus and relative isometric contraction
level (% MVC) for each individual and the mean 𝑅2 of three
models were 0.937± 0.034 (linear), 0.992± 0.007 (quadratic),
and 0.995 ± 0.004 (cubic), respectively. The results of the
one-way ANOVA indicated that there was no significant
difference between the 𝑅2 of the quadratic model and cubic
model (𝑝 = 0.390). However, significant differences were
found between the 𝑅2 of the linear model and the other
two models (all 𝑝 < 0.001). Thus, the quadratic model was
selected to examine the relationship of the VI shear modulus
and relative isometric contraction level. The mean shear
modulus across the ten subjects in each group at the same
knee joint angle was fitted using a quadratic regressionmodel
with the relative isometric contraction level, as shown in
Figure 3. Pearson’s correlation coefficients (CC) between VI
shearmodulus and%MVC level in each group and knee joint
angle are listed in Table 5, which were all larger than 0.96.
This indicated that the VI stiffness along the muscle action
direction was positively correlated to the relative muscle

activity intensity level of the knee extensors over the entire
range of step isometric contraction. The plots also indicated
that the VI shear modulus measured at a 90∘ knee joint angle
was larger than the corresponding value measured at a 60∘
knee joint angle at almost each % MVC level in each group
of subjects, which was in agreement with the result of the
multiway ANOVA analysis.

The results between young and elderly groups with the
same sex at the same knee joint angle were compared, as
shown in Figure 4. It was observed that, for both sexes and
knee joint angles, the VI shear moduli of young subjects
were larger than those of elderly participants, especially at
the relatively higher % MVC level. The results were also
compared between the two sexes with a similar age range
at the same knee joint angle, as shown in Figure 5. The
comparison showed that for both age ranges and knee joint
angles, the VI shear moduli of males were larger than those
of females, especially at the relatively higher % MVC level.
However, at the corresponding relative muscle contraction
level, the sex difference seemed to be smaller than the age
difference. These results were both in agreement with those
obtained using multiway ANOVA that the main effects of age
and sex factors were significant.

3.3. Analysis Based on Absolute Isometric Contraction Torque.
Since, for each individual subject, the 𝑅2 value did not
change when only the scale of the 𝑥-axis changed from the
relative % MVC level to the absolute contraction torque, the
quadratic regression model could also be used for examining
the trend of the relationship between the VI shear modulus
and absolute torque. The quadratic curves of each group
were plotted to investigate the different trends at 90∘ and
60∘ knee joint angles, respectively. It was observed that, with
the increasing absolute torque, VI shear modulus increased
faster at a 90∘ knee joint angle than at a 60∘ knee joint
angle, as demonstrated in Figure 6. This result was similar to
the relationship between the VI shear modulus and relative
muscle contraction level. The relationships between the VI
shear modulus and absolute torque with different age ranges
and the same sex at the same knee joint angle were also
plotted (Figure 7). The results indicated that the VI shear
modulus of young subjects increased faster compared with
that of elderly subjects. This relationship also coincided with
that between the VI shear modulus and relative muscle
contraction level. Furthermore, the relationships between
the VI shear modulus and the absolute torque of different
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Table 5: Pearson’s correlation coefficients between VI shear modulus and relative isometric contraction levels in each group and at different
knee joint angles.

Knee joint angle Young male Young female Elderly male Elderly female
90∘ 0.977 0.974 0.980 0.975
60∘ 0.971 0.968 0.975 0.979
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Figure 2: Estimated marginal means of VI shear modulus plotted for illustrating the significant two-way interaction effects for (a) age versus
% MVC. (b) Angles versus % MVC. (c) Age versus joint angles.
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Figure 3:Themean VI shear modulus at different relative isometric contraction levels (%MVC) and different knee joint angles (90∘ and 60∘)
with the corresponding quadratic regression fitting curves for (a) young male subjects; (b) young female subjects; (c) elderly male subjects;
and (d) elderly female subjects.

sexes and the same age range at the same knee joint angle
were also compared, as shown in Figure 8. The results
showed that the VI shear modulus of females increased faster
than that of males. However, this result was opposite to
the relationship between the VI shear modulus and relative
muscle contraction level. The reason for this conflict might
be due to the relatively smaller MVC torque of the female
subjects andwill be further discussed in the following section.

4. Discussion

The current study provided some quantitative information
regarding the VI stiffness at various contraction levels,
especially the difference related to different age, sex, and joint
angle.

4.1. Stiffness of VI in a Relaxed State. It was found in our study
that the mean shear moduli of VI in a relaxed state for all

subjects were 16.2±8.1 kPa (at 90∘ knee joint angle) and 11.1±
4.4 kPa (at 60∘ knee joint angle). Although several methods
based on shear wave velocity measurement have been used
to estimate the shear modulus of muscle, few studies have
been reported to assess the VI stiffness.TheMREmethod has
been used on the quadriceps femoris muscles, but only on VL
and VM. Bensamoun et al. [23] measured the shear modulus
of VL and VM in a relaxed state on young healthy subjects.
The mean values were 3.73 ± 0.85 kPa and 3.91 ± 1.15 kPa,
respectively. The stiffness of VMwas also assessed in another
study [22], using both 2D MRE and 1D MRE methods, and
the reported shear moduli were 4.36 ± 0.98 kPa and 3.69 ±
0.80 kPa, respectively. Although it was difficult to directly
compare these results with ours since the target muscles were
different, all of the measured shear modulus values fell into
a similar range. It seemed that the VI muscle, which is a
bipennatemuscle, exhibited higher stiffness thanVL andVM,
in which the fiber orientation is unipennate. This difference
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Figure 4:The age effects on the mean VI shear modulus at different relative isometric contraction levels (%MVC) between the subjects with
same gender. Comparisons were made between young and elderly male subjects at (a) 90∘ and (b) 60∘ knee joint angles and between young
and elderly female subjects at (c) 90∘ and (d) 60∘ knee joint angles.

may indicate that the propagation of shearwaves is influenced
by the muscle structure, such as muscle fiber orientation
[23]. In addition, the different stiffness might be also related
to muscle volume, muscle fiber type, muscle function, or
other specificmuscle characteristics. Furthermore, the results
measured in a relaxed state might be also influenced by some
other factors, such as the slight unconscious muscle tension
during measurements and the momentary stiffness change
due to the history of muscle use [29]. The effects of sports
and exercises on muscle stiffness should be investigated in
future studies. It was found that the mean value of VI shear
modulus in a relaxed state measured at a 90∘ knee joint angle
(16.2±8.1 kPa) was significantly larger than that measured at
a 60∘ knee joint angle (11.1±4.4 kPa) (𝑝 < 0.001). Few studies
have been performed to investigate the relationship between
the VI shear modulus and knee joint angle.The shear moduli
of relaxed tibialis anterior (TA) and lateral gastrocnemius
(LG), which are muscles in distal leg, were studied using

MRE at different ankle joint angles [34]. Shear modulus of
LG increased to 35.1 ± 0.4 kPa at 20∘ of dorsiflexion from
22.1 ± 0.2 kPa at neutral but decreased to 18.4 ± 0.1 kPa at 45∘
of plantar-flexion. The shear modulus of TA increased from
12.3 ± 0.5 kPa at neutral to 32.5 ± 0.2 kPa at 45∘ of plantar-
flexion and was almost unchanged at 20∘ of dorsiflexion
(13.5 ± 0.4 kPa). These results indicated that muscle stiffness
increased with the larger passive stretching. This was in
agreement with our results. At a 90∘ knee joint angle, the VI
was more stretched than at a 60∘ knee joint angle; thus it was
reasonable that the shearmodulusmeasured at 90∘ was larger.
In addition to passive stretching, the difference of VI shear
modulus might also be related to the morphology change
with the different knee joint angles, such as fascicle length and
pennation angle. When the knee was extended, the fascicle
length of quadriceps femoris was reported to be shortened,
and the pennation angle was reported to increase in step
with the changes of knee joint angle [14, 15]. However, the
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Figure 5:The gender effects on the mean VI shear modulus at different relative isometric contraction levels (%MVC) between subjects with
similar age range. Comparisons were made between young male and female subjects at (a) 90∘ and (b) 60∘ knee joint angles, and between
elderly male and female subjects at (c) 90∘ and (d) 60∘ knee joint angles.

detailed relationship between the changes of the VI stiffness
and its morphology changes with the knee joint angle should
be further studied.

4.2. Relationship between Muscle Stiffness and Step Isometric
Contraction. As mentioned above, two methods have been
used to exhibit the different contraction intensities, one is
to use the relative muscle contraction level (% MVC), and
the other one is to use the absolute torque of the knee joint
extensor. In addition to these two methods, some previous
studies also used different weight loads to represent the
different muscle contraction levels, such as on the knee
extensor [17] and on the elbow flexor [24]. However, the
methodusing theweight load as an indicatorwas not accurate
enough, since the length of limbs was different among the
subjects and the lever of force was not counted.

4.2.1. Comparison with Previous Studies Based on Relative
Isometric Contraction Levels. Our results demonstrated that
the VI stiffness along the muscle action direction was pos-
itively correlated to the relative muscle contraction level (%
MVC) at two different knee joint angles and over the entire
range of isometric contraction. Some previous studies have
been reported about the positive correlation between the
muscle stiffness and the nonfatigue muscle contraction level
on different muscles. In the study of Bensamoun et al. [23],
the reported shearmoduli of VL andVMwere 6.11±1.15 kPa
and 4.83 ± 1.68 kPa at 10% MVC isometric contraction level
measured using the MRE method, and when at 20% MVC
contraction, the shear moduli of VL and VM were reported
to be 8.49 ± 4.02 kPa and 6.40 ± 1.79 kPa, respectively. They
also reported that the shearmoduli of VL andVM in a relaxed
state were 3.73 ± 0.85 kPa and 3.91 ± 1.15 kPa. Their results
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Figure 6: Comparison of the relationships between VI shear modulus and absolute torque at 90∘ and 60∘ knee joint angles for (a) youngmale
subjects; (b) young female subjects; (c) elderly male subjects; and (d) elderly female subjects.

showed a significant increase (𝑝 < 0.05) in the shearmodulus
of VL and VM with the increase in the muscle contraction
level. Since the subjects in this stduy were young males
and young females, but were not distinguished by sex, the
different structure of VI from VL and VM, as we mentioned
above, and the different posture and knee joint angle they
used were difficult to use to directly compare the stiffness
values they measured with ours. However, our conclusion
that there was a significant increase in the VI shear modulus
with the increase in the isometric contraction level from 10%
to 20%MVC was in good agreement with their finding.

4.2.2. Comparison with Previous Studies Based on Absolute
Torques. In this study, it was demonstrated that the VI

shear modulus along the direction of muscle action was also
positively correlated to the absolute torque. Some previous
studies have reported the shear modulus measured under
different absolute torques of joint extensors or flexors, but the
investigation was rarely focused on the quadriceps femoris
muscles. Several studies have been reported to assess the
stiffness of distal leg muscles, such as TA, LG, medial gas-
trocnemius muscle (MG), and soleus muscle (SL), as groups
of agonist and antagonist muscles. Muscle shear modulus
was measured under isometric contraction when the subject
resisted ankle plantar-flexing and dorsiflexing moments, of
which the directions of applied moments were opposite. In
the study of Heers et al. [35] using the MRE method, the
shear modulus of TA increased significantly (𝑝 < 0.0001)
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Figure 7: Age dependencies of the relationships between VI shear modulus and absolute torque. Comparisons were made between young
and elderly male subjects at (a) 90∘ and (b) 60∘ knee joint angles and between young and elderly female subjects at (c) 90∘ and (d) 60∘ knee
joint angles.

from 70.6 ± 1.8 kPa to 126.6 ± 5.1 kPa as the plantar-flexing
moment increased from 8.2N⋅m to 16.4N⋅m. On the other
hand, the shear modulus measured in the posterior muscles,
that is,MG, LG, and SL, did not show significant changes (𝑝 >
0.05). Furthermore, when muscles resisted the dorsiflexing
moments, as loads increased from 20.2N⋅m to 40.4N⋅m, the
shear modulus increased significantly from 41.6 ± 5.1 kPa to
63.2 ± 5.1 kPa for MG (𝑝 < 0.01), from 27.6 ± 1.1 kPa to
73.1 ± 7.3 kPa for LG (𝑝 < 0.003), and from 36.0 ± 0.4 kPa
to 65.6 ± 1.8 kPa for SL (𝑝 < 0.001). However, the shear
modulusmeasured fromTAdid not change significantly with

load (𝑝 > 0.05), and a similar study was performed by Jenkyn
et al. [34] on the distal leg muscles. The shear moduli of
relaxed TA and LG with the foot in a neutral position were
12.4± 0.5 kPa and 22.1± 0.2 kPa, respectively. Shear modulus
of TA increased to 133.7±2.1 kPa during a 16N⋅mdorsiflexing
effort but was relatively unchanged during a 48N⋅m plantar-
flexing effort (30.1±0.5 kPa). Shear modulus of LG decreased
slightly during a 16N⋅mdorsiflexing effort (15.0±0.3 kPa) but
significantly increased with a 48N⋅m plantar-flexing effort
(140.4±0.3 kPa). Since themuscles they studiedwere different
from ours, their results could not be directly compared with
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Figure 8: Gender dependencies of the relationships between VI shear modulus and absolute torque. Comparisons weremade between young
male and female subjects at (a) 90∘ and (b) 60∘ knee joint angles and between elderly male and female subjects at (c) 90∘ and (d) 60∘ knee
joint angles.

ours [28]. However, our conclusion about the relationship
between the increasing muscle stiffness and the increasing
absolute torque was in good agreement with theirs.

4.2.3. Regression Analysis of the Relationship between Muscle
Stiffness andActivity. Our results showed that, over the entire
range of isometric contraction, the stiffness of VI along the
direction of muscle action was positively correlated to both
the relative contraction level (% MVC) and the absolute
torques (N⋅m). These two relationships were both close to a
quadratic curve. In previous studies, the results of regression
analysis were mostly reported as linear relationship [17, 24].
However, in these studies, the muscle shear modulus was

only measured at 3–5 isometric contraction levels within a
relatively smaller measurement range limited by the methods
they used. In addition, it was a widely known approximation
that a small range on the quadratic curve could be treated
as being linear. That might be the reason of the difference
between their conclusions and ours. Furthermore, from the
results reported by Nordez and Hug [20], which measured
the shear modulus of biceps brachii in a relatively larger
muscle contraction range, the relationship between biceps
brachii stiffness and isometric contraction torque seemed
to be similar to a quadratic curve. However, they did not
perform a quantitative regression analysis on their results in
that paper.
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4.2.4. Comparison with Previous Studies Based on Different
Joint Angles. In our study, the results of the mean MVC
torque measured at different knee joint angles showed that
the MVC torque measured at a 90∘ knee joint angle was
larger than that measured at 60∘ (𝑝 = 0.001). This result
was in agreement with previous studies [12, 13, 36, 37].
We also found that the shear modulus of VI measured
at a 90∘ knee joint angle was larger than that measured
at 60∘ during step isometric contraction (𝑝 < 0.001).
Furthermore, for the two factors, interaction of joint angles
and % MVC, with the increase of % MVC, and differences
between the VI shear modulus measured at a 90∘ knee joint
angle and those measured at a 60∘ also increased. Few studies
have been reported to investigate the relationship between
VI shear modulus and knee joint angle, especially under
different step isometric contraction levels. Sasaki et al. [28]
reported that, with the increase in the ankle joint angle, the
shear modulus of TA measured by SSI also increases when
performing submaximal voluntary contractions. This result
is in agreement with ours. Additionally, EMG activity of VL
muscle has been studied with different knee joint angles and
the results can be used as a reference. Suter and Herzog [38]
studied the EMG activity of the VLmuscle at 15∘, 30∘, 45∘, 60∘,
and 90∘ knee joint angles. They reported that, at a 90∘ knee
joint angle, the EMG activity in MVC state was significantly
higher than those at the other knee joint angles. It has also
been indicated that, at a joint angle where the EMG activity
was relatively larger, the correspondingMVC torque was also
larger [12, 13]. Considering the highly positive correlation
between muscle stiffness and isometric contraction torque
observed in this study, our results about the VI stiffness at
different knee joint angles were considered to be reasonable.
Furthermore, similar to what was discussed in a relaxed state,
the larger muscle stiffness at a 90∘ knee joint angle might also
be related to the relatively larger passive stretching onVI, and
the morphological differences at different knee joint angles
might also contribute to the different VI stiffness. However,
all of these hypotheses should be further investigated in
future studies.

4.3. Age Effect on the Relationship betweenMuscle Stiffness and
Step Isometric Contraction. When performing step isometric
contraction, the effect of age factor became significant. The
VI shear modulus of young subjects was larger than that of
elderly. The results regarding age differences have been also
reported by several previous studies [5, 39]. However, our
results further showed that, in a relaxed state with either 60∘
or 90∘ knee joint angles, there was no significant effect of age
found. The mechanism behind this remains unclear.

On the other hand, by comparing the trends of VI shear
modulus and absolute torque with different age ranges and
the same sex, it was shown that the VI shear modulus of
young subjects increased faster than that of elderly subjects
at the same knee joint angle. This was coincident with the
age effect on the relationship between VI shear modulus and
relative muscle contraction level (% MVC).

Previous studies on the age differences of muscle shear
modulus in a relaxed state and under step isometric con-
traction conditions were even rarer than those on the sex

differences. Domire et al. [27] measured the stiffness of TA
usingMRE in a relaxed state on 20 female subjects with an age
range of 50–70 years.They found that there was no significant
effect of age on muscle stiffness. This is in agreement with
our results.Musculotendinous andmusculoarticular stiffness
have been also widely studied for the age difference. In the
study of Ochala et al. [39], the stiffness of plantar flexor
muscles was measured at 20%, 40%, 60%, and 80% MVC
levels on young and elderly subjects. From the figures they
published, it was clearly shown that the musculotendinous
stiffness of elderly subjects was smaller than that of young
subjects when measured at the same contraction level. This
result of reduced musculotendinous stiffness due to muscle
ageing is a valuable reference for our study. The age differ-
ences of morphology factors are related to the sarcopenia
caused by the muscle ageing process and have been studied
bymany previous studies [6–8, 40]. However, few studies had
been performed to evaluate the relationship between these
morphology changes with muscle ageing and the muscle
stiffness. Larsson et al. [41] found that the relative percentage
of type I fibers increased with ageing and the fiber atrophy
was most pronounced for type II fibers. As mentioned above,
type I fibers were stiffer than type II fibers when generating
equal active force. Therefore, the increasing percentage of
type I fibers in elderly subjects shouldmake the muscle stiffer
in comparison with the young people when performing the
same absolute contraction torque. However, this was opposite
to the results observed in our study. One possible reason
may be related to the increasing muscle coactivation level
for the elderly [39, 40]. In our experiments, elderly subjects
were also observed to be more strenuous when generating
and keeping the isometric contraction levels.They noticeably
tried to inspire themuscles in their whole body to accomplish
the tasks. These coactivated muscles might share the original
responsibility of VI and make the force generated by VI
reduced comparing to the younger people. It is believed that
the relative percentage of fiber types might not be the only or
dominant factor for VI stiffness.

4.4. Sex Effect on the Relationship between Muscle Stiffness
and Step Isometric Contraction. The mean MVC torque of
knee extenders obtained from different sexes showed that
the MVC torque of males were larger than that of females
(𝑝 < 0.001).This result was in agreement withmany previous
studies [11, 29]. It was found that at both knee joint angles
there was no significant main effect of sex (𝑝 > 0.5) on
the VI shear modulus in a relaxed state. However, when
performing step isometric contraction, the effect of sex factor
was significant. The VI shear modulus of males was larger
than that of females (𝑝 < 0.001). On the other hand, by
comparing the trends of the relationship between VI shear
modulus and absolute torque of the two sexes, it was found
that the VI shear modulus of females increased faster than
that of males under the same knee joint angle. This was
opposite to the sex effect on the relationship between the VI
shear modulus and relative contraction level (% MVC).

The sex effect on the shear modulus of skeletal muscles
in a relaxed state and under step isometric contraction
conditions has been rarely studied using methods based
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on shear wave velocity measurement, such as MRE or SSI.
Van De Steeg et al. [29] measured the stiffness of four
differentmuscles (biceps brachii, flexor digitorumprofundus,
soleus, and gastrocnemius) in a relaxed state in eight young
male and four female subjects using MRE. They reported
that the comparisons between females and males did not
reveal statistically significant differences for any muscles.
Our results agreed well with theirs. Although few previous
studies which were related to the sex difference of muscle
shear modulus during isometric contraction could be found,
some results using quick-release movement and sinusoidal
perturbations methods to evaluate the musculotendinous
stiffness and musculoarticular stiffness may be used as ref-
erences. Ochala et al. [39] found that the musculotendinous
and musculoarticular stiffness were both higher in elderly
females than those in elderly males at the same absolute
contraction torque. This result was coincident with ours.
Granata et al. [42] found that, at 0% and 20% MVC levels,
the musculoarticular stiffness of quadriceps femoris muscles
and hamstring muscle in young males was larger than that
in young females. This result also echoed with our findings.
Sex differences on morphology parameters may be another
reason for the different muscle stiffness between males
and females when performing isometric contraction [9–11].
However, these geometric factors would result in a complex
relationship with muscle stiffness and the detailed influence
of morphology parameters is still unclear. Another possible
reason may be the sex difference of fiber type distribution, as
we know that the slow-twitch (type I) and fast-twitch (type
II) fibers have different stiffness characteristics. For instance,
in rats, type I fibers had been observed to be stiffer than type
II fibers when generating the same active contraction force
[36, 37].Therefore, the relatively greater area occupied by type
I fibers in females and the greater area occupied by type II
fibers in males [11, 43] can at least partially explain the higher
muscle stiffness in females than in males at the same absolute
contraction torque. Interestingly, it has been reported that
the incident rate of fall is higher among females than males
and more in elderly than young population. Though muscle
stiffness is not currently regarded as a fall risk indication, it
will be our future research topic following the study.

5. Conclusions

In this study, the relationship betweenVI stiffness and relative
isometric contraction level or absolute torque generated
by the knee extensor were studied over the entire muscle
contraction range, that is, from0% to 100%MVC.Meanwhile,
the age and sex effects on the relationshipswere also systemat-
ically investigated. When performing isometric contraction,
the VI stiffness of males was found to be significantly higher
than that of females, and that of the young was higher
than the elderly. Additionally, the stiffness measured at a
90∘ knee joint angle was always significantly larger than that
measured at 60∘. These results extended our knowledge on
how age and sex can affect the muscle stiffness especially
when the contractions are approximating the higher MVC
and, therefore, may provide new insights into the age and sex
bias in musculoskeletal studies, such as those on fall risks.
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Objective.The aim of this study was to compare the accuracy and efficacy of sonographically guided lumbar periradicular injections
through in-plane or out-of-plane approach techniques for patients with unilateral lower lumbar radicular pain. The feasibility and
accuracy of these techniques were studied by means of computed tomography (CT).Methods. A total of 46 patients with chronic
unilateral lumbar radicular pain were recruited and randomly assigned to either the in-plane or out-of-plane injection group. A
mixture of 3mL 1% lidocaine and 7mg betamethasonewas injected.The visual analog scale (VAS)was used to assess pain before and
after treatment. Results.The pain intensity, as measured by VAS, significantly decreased in both in-plane and out-of-plane injection
groups. Conclusions. The sonographically guided periradicular injections are feasible and effective in treating lumbar unilateral
radicular pain.

1. Introduction

Unilateral radicular pain is thought to be induced by
inflammation or irritation of an exiting spinal nerve root
originated from degeneration of intervertebral disc [1]. Nerve
root blocking therapy is the most commonly performed
minimally invasive management for low back pain. Steroids
and local anesthetic are the most frequently used injectates
[2, 3]. The underlying mechanism of steroid administration
is to reduce inflammation by inhibiting release of proin-
flammatory mediators [4]. The nerve root blocking can be
delivered by ultrasound-guided or fluoroscopy-controlled
manner in clinical trials. Recently, the reliability and efficacy
of ultrasound-guided injections in the lumbar spine have
been broadly discussed and well accepted by patients and
physicians because of the real-time guidance of injection and
without radiation exposure [5–8].

With the real-time guidance of ultrasound, the spinous
process and adjacent structures such as lamina, zygapophy-
seal articulations, and transverse process can by clearly

identified. Several injection procedures have been intro-
duced, including transforaminal injection through in-plane
approach [9], medial branch block to the facet joint [10],
and pararadicular injection through paramedian sagittal and
paramedian sagittal oblique approaches [11]. The aim of our
study is to compare the accuracy, safety, and the effect on
pain relief of lumbar nerve root blocking through ultrasound
guidance by in-plane and out-of-plane techniques.

2. Materials and Methods

2.1. Patient Characteristics. The study protocol was approved
by the Institutional Review Board of Sun Yat-sen Memorial
Hospital of Sun Yat-sen University, and written informed
consent was obtained from all patients.There were 52 eligible
patients with chronic unilateral lower lumbar radicular pain
for more than 3 months and 46 patients participated in this
randomized, single-blind study. The patients were recruited
consecutively between January 2015 and September 2016.
They were randomly assigned into two groups and received
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Table 1: Demographic data for patients.

Characteristic IP technique
(𝑛 = 25)

OP technique
(𝑛 = 21)

Age, years (SD) 56.23 (10.30) 58.17 (9.62)
Sex M/F, 𝑛 16/9 13/8
Weight, kilograms (SD) 58.76 (8.31) 59.82 (7.20)
Height, meters (SD) 1.64 (0.05) 1.67 (0.04)
Body mass index, kg/m2 (SD) 21.70 (2.78) 21.14 (2.34)
Left/right, 𝑛 15/10 14/7
Spinal level of injection

L4, 𝑛 (%) 14 (56.0) 12 (57.1)
L5, 𝑛 (%) 11 (44.0) 9 (42.9)

VAS (SD) before injection 7.26 (1.00) 7.34 (1.08)

Figure 1: The position of the patient and the placement of trans-
ducer of in-plane approach.

one sonographically periradicular injection through either
in-plane approach (IP, 𝑛 = 25) or out-of-plane approach
(OP, 𝑛 = 21) techniques, respectively. A mixture of 3mL 1%
lidocaine and 7mg betamethasone was injected.

All patients were diagnosed for low back pain with
unilateral radicular pain through clinical presentations, med-
ical examinations, computed tomography (CT), or magnetic
resonance imaging (MRI). The excluded criteria were sys-
temic inflammatory disease, uncontrolled diabetes, infec-
tions, previous injections within 3 months, taking oral anti-
inflammatorymedication, receiving physical therapy or other
injection therapy during this study, and having underwent
surgery. The demographic data for patients were demon-
strated in Table 1.

2.2. Ultrasound-Guided Periradicular Injections In-Plane Ap-
proach. Ultrasound-guided selective nerve root block was
conducted for 25 patients in 25 nerve roots.The patients were
lying in the prone position with a pillow under the abdomen.
The areas of injection treatment were disinfected and a sterile
cover was placed on a curved array transducer. One experi-
enced physician performed the ultrasound-guided injections
using anQ9 (Xiang Sheng Company,Wuxi) device (Figure 1).
The spinous processes were identified through amiddle scan.

Figure 2: Transverse ultrasound image of the in-plane injection
approach, the needle was inserted aiming to the Z-joint gap.

Figure 3: The position of the patient and the placement of trans-
ducer of out-of-plane approach.

First, the sacrum and the fifth lumbar spinous process were
identified, and the target spinal level for the injection was
confirmed by cephalad counting of the spinous process. At
the target spinal level, a transverse axial plane was obtained
by rotating the probe 90 degrees. The axial ultrasound image
reflected the spinous process, lamina, facet joint, and trans-
verse process. A needle (22G) was inserted approximately
45 degrees into the skin using the in-plane technique, which
enabled visualization of the path of the needle. When the
needle tip reached the lateral side of the lamina or medial
to the superior articular process (Figure 2), an inhalation
test was performed to observe the presence of blood and
cerebrospinal fluid. After confirming no inhalation, amixture
of 3mLof 1% lidocaine and 7mg betamethasonewas injected.

2.3. Ultrasound-Guided Periradicular Injections Out-of-Plane
Approach. The patients’ position and sterilization were
described previously. The transducer was placed longitu-
dinally; the sacral spinous process and the fifth lumbar
spinous process were identified. The lamina, facet joint,
and transverse process were identified when moving the
transducer from midline laterally. Then the transducer was
moved back to visualize the edge of the zygapophyseal joints
(Figure 3). After identification of the target injection level, a
needle (22G) was inserted approximately 70 degrees into the
skin using the out-of-plane technique in the parasagittal view.
The needle tip was located in the middle of the adjacent facet
joints (Figure 4). The injection procedure and the medicine
were described in the in-plane approach technique part.
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Table 2: Procedure characteristics.

Characteristic IP technique
(𝑛 = 25)

OP technique
(𝑛 = 21) 𝑃

Patient treated, 𝑛 (%) 23 (96.0) 20 (95.2) 0.567
Patient failed, 𝑛 (%) 2 (4.0) 1 (4.8)
Correct spinal segment identification, 𝑛 (%) 24 (100) 20 (100)
Accuracy of US- guided injection confirmed by CT, 𝑛 (%) 22 (95.7) 19 (95.0) 0.720
VAS (SD) after injection 3.62 (0.81) 3.21 (0.90) 0.485

Figure 4: Longitudinal facet view was obtained and the needle was
inserted approaching L4 nerve root.

2.4. Confirmation of Nerve Root Blocking by CT. Patients
were prepared as specified above for the US procedure. A
radiopaque marker was placed at the indicated level. A low-
dose topogram through the area of interest was obtained
at 3mm increments for a precise definition of the needle
pathway by ultrasound guidance. A representative image
for confirmation of the needle pathway is demonstrated in
Figure 5.

2.5. Statistics. Thedata were analyzed using SPSS version 11.0
software (SPSS Inc., Chicago, IL, USA). Analysis of variance
was used to compare the demographic characteristics of the
patients, and a t-test was used formeasurement data.𝑃 < 0.05
was considered statistically significant.

3. Results

3.1. Patient Characteristics. A total of 46 patients completed
this study. The patients had comparable pain intensity
assessed by VAS between IP (7.26 ± 1.00) and OP (7.34 ±
1.08) technique groups before injections. The spinal level of
injections was located at L4 or L5. The demographic data of
patients are present in Table 1.

3.2. Treatment Effects between the Approaches. The blocking
procedures were tolerable for all the patients. None of the
patients had any treatment-related complications. Table 2
illustrates the procedure characteristics.

The pain was significantly reduced after injection in both
IP and OP technique groups. There were no significant
differences in the VAS before and after the injections between
IP and OP technique groups (Table 2).

Figure 5: A representative image for confirmation of the needle
pathway.

4. Discussion

Radicular low back pain is commonly caused by interverte-
bral disc herniation, spinal stenosis, and intervertebral disc
degeneration. Selective nerve root blocking is one of themost
frequently performed mini-invasive interventions. Ultra-
sonography has been used broadly in evaluation and treat-
ment of musculoskeletal disorders. Ultrasound has proved to
be reliable and accurate in the demonstration of paravertebral
anatomy and sonographically guided lumbar injections for
the treatment of unilateral lower lumbar radicular pain have
been previously studied for feasibility and accuracy [12, 13].
The most challenging part in sonographically guided lumbar
periradicular injections is in placing the needle in the exact
position at the target nerve root.The advantage of parasagittal
out-of-plane approach is deposition of medication close to
the nerve root compared with in-plane approach aiming to
the facet joint.

The success ratio of the lumbar nerve root blocking is over
95% in our study; this indicates that, in both approaches, the
drug is able to be delivered at the periradicular space. Relief
of symptoms has been the gold standard for evaluating the
success of US-guided injection [14]. However, the symptoms
could also be relieved by systemic drug effect even if the nee-
dle was not inserted at the precise position. The accuracy of
ultrasound guidance, especially the needle tip, was evaluated
by CT assessment.

In our study, there was no significant difference in VAS
evaluation between IP and OP injection techniques. This
indicates that, in both approaches, the medication is able to
reach the periradicular space. The long-term pain relieving
effect needs further investigation.
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In comparison with CT, ultrasonography has several
advantages. There is no radiation exposure for the physician.
And the device is portable; it can be used in outpatient and
at bedside. Despite the above advantages, it is has limitations
in showing good quality view of spinal structures and the
quality depends on experiences of the physician. It has been
demonstrated that the reproducibility among physicians is
low [15].

This study had some limitations: first, the sample size
was small and the long-term effects were not evaluated;
second, the outcome of injections was only pain score and
functional tests of lumbar spine should be conducted in
further researches.

5. Conclusions

The sonographically guided periradicular injections are feasi-
ble and effective in treating lumbar unilateral radicular pain.
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Real-time three-dimensional (3D) ultrasound (US) has attracted much more attention in medical researches because it provides
interactive feedback to help clinicians acquire high-quality images as well as timely spatial information of the scanned area and
hence is necessary in intraoperative ultrasound examinations. Plenty of publications have been declared to complete the real-time
or near real-time visualization of 3D ultrasound using volumetric probes or the routinely used two-dimensional (2D) probes. So
far, a review on how to design an interactive system with appropriate processing algorithms remains missing, resulting in the lack
of systematic understanding of the relevant technology. In this article, previous and the latest work on designing a real-time or near
real-time 3D ultrasound imaging system are reviewed. Specifically, the data acquisition techniques, reconstruction algorithms,
volume rendering methods, and clinical applications are presented. Moreover, the advantages and disadvantages of state-of-the-art
approaches are discussed in detail.

1. Introduction

Many imaging technologies have been applied to enhance
clinicians’ ability for diagnosis of the disease, for example,
the X-ray, magnetic resonance (MR), computed tomography
(CT), and ultrasound (US). Each imaging modality has its
strengths and limitations in different applications [1]. Among
these diagnosis-aid technologies, US gains more and more
attention in recent years. Aside from low cost and no radia-
tion, the interactive nature of US which is mostly needed in
surgery facilitates its widespread use in clinical practices.

Conventional 2D US has been widely used because it can
dynamically display 2D images of the region of interest (ROI)
in real-time [2, 3]. However, due to the lack of the anatomy
and orientation information, clinicians have to imagine the
volume with the planar 2D images mentally when they need
the view of 3D anatomic structures. The limitation of 2D
US imaging makes the diagnostic accuracy much uncertain
as it heavily depends on the experience and knowledge of
clinicians. In order to address the foresaid problem, 3D US
was proposed to help the diagnosticians acquire a full under-
standing of the spatial anatomic relationship. Physicians can

view arbitrary plane of the reconstructed 3D volume aswell as
panoramic view of the ROI which helps surgeons to ascertain
whether a surgical instrument is placed correctly within the
ROI or just locates peripherally during the surgery [4]. It is
undeniable that 3DUS enables clinicians to diagnose fast and
accurately as it reduces the time spent on evaluating images
and interacts with diagnosticians friendly to obtain a handle
of the shape and location of the lesion.

Generally, 3D US imaging can be conducted with three
main stages: that is, acquisition, reconstruction, and visu-
alization. The acquisition refers to collecting the B-scans
with relative position using conventional 2D probes or
directly obtaining 3D images using dedicated 3D probes.The
reconstruction aims to insert the collected 2D images into a
predefined regular volume grid.The visualization is to render
the built voxel array in a certain manner like any-plane slic-
ing, surface rendering, or volume rendering. Traditional 3D
US is temporally separated into the B-scan frame collection,
volume reconstruction, and visualization stages individually,
making it time-consuming and inefficient to obtain an accu-
rate 3D image. Clinician has to wait for the data collection
and volume reconstruction which often take several minutes
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or even longer time before visualizing any part of the volume,
rather than visualizing 3D anatomy simultaneously during
the scanning of the ROI. Hence the clinician cannot select
an optimal way to conduct the scanning process for sub-
sequent diagnosis. Moreover, the separation has limited the
applications in surgery where physicians require immediate
feedback on intraoperative changes in the ROI [5]. It is no
doubt that real-time 3D US will facilitate physicians’ ability
in diagnosis even better and help them work more efficiently
during the surgery.

Many investigators have made their efforts to develop the
real-time or near real-time US systems in recent decade. Sev-
eral attempts with the dedicated 3D probe or traditional 2D
probe to reconstruct and render a volume during data acqui-
sition are now available. To provide systematic understanding
of the relevant technology in real-time US, we review the
state-of-the-art approaches for designing real-time or near
real-time 3D US imaging system. Data acquisition tech-
niques, reconstruction algorithms, rendering methods, and
clinical applications are discussed in the following sections,
including the advantage and disadvantages of each approach.

2. Data Acquisition

Obtaining 3D real-time US image without distortions is
crucial for the subsequent clinical diagnosis. In any approach
of data acquisition, the objectives are twofold: first to acquire
relative locations and orientations of the tomographic images
accurately, which ensures the 3D reconstruction without
errors, and second to capture the ROI expeditiously, which is
aimed at avoiding the artifacts caused by cardiac, respiratory,
and involuntary motion, as well as enabling the 3D visualiza-
tion of dynamic structures in real-time. Four representative
real-time 3D US data acquisition techniques have been pro-
posed, that is, 2D array transducers, mechanical 3D probes,
mechanical localizers, and freehand scanners.

2.1. 2D Array Transducers. In conventional 1D array trans-
ducer, a subset of transducer elements or subaperture is
sequentially selected to send an acoustic beam perpendicu-
larly to the transducer surface, and one line is drawn at the
same time.Throughmultiplexing or simply turning elements
on and off, the entire aperture can be selected which forms
a rectangular scan [6]. Analogously, 2D array transducers
derive an acoustic beam steering in both azimuth and
elevation dimensions, which enables obtaining a volumetric
scan [7].

2D array transducers acquire 3D information by elec-
tronic scanning. As illustrated in Figure 1, the elements of 2D
array transducer generate a diverging beam in a pyramidal
shape and the received echoes are processed to integrate 3D
US images in real-time. Since the beams can be steered and
focused on the ROI by adjusting the phased array delays [8],
the transducers can remain stationary while being used to
scan.

A variety of 2D array patterns are proposed to fabricate
2D array transducers, such as sparse periodic array, Mills
cross array [9], random array, and Vernier array. As 1D linear
transducers, 2D array transducers can be sorted of concave

Figure 1: Principle of volumetric imaging with a 2D array trans-
ducer.

Matching layers

Ground electrode

Piezoelectrics

Conductive backing

Signal electrode

Figure 2: The consisting material of a single-unit type matrix
transducer.

surface and flat surface. Concave transducers have an advan-
tage of concentrating a higher energy to the focal areas. Flat
transducers have a wider steerable area of acoustic field [10].
The elements of 2D array transducers can be arranged as
either a rectangle or an annular array [11].

The substrates of 2D array transducers can be fabricated
with various piezoelectric materials (Figure 2), such as
lead zirconate titanate (PZT), lead magnesium niobate–lead
titanate (PMN–PT), and piezocomposites [12]. Aside from
piezoelectric transducers, capacitive micromachined US
transducers (CMUTs) have also shown a potential perfor-
mance as their counterparts [13].

Since the concept of 2D array transducers was proposed
by Duke University in 1990s, various researchers and com-
mercial companies are concentrated on the development of
2D array transducers. The real-time performance and fabri-
cation parameters of several typical 2D array transducers are
listed in Table 1.
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Table 1: Performance and fabrication parameters of several typical real-time 2D array transducers.

Methods Mill cross
(17 × 17)

Mill cross
(20 × 20)

T4 scanner
(circular,
𝑑: 25mm)

Receive
multiplexing
(256 × 256)

4Z1c matrix
phased array

Imasonic SaS
Voray (256
elements)

Transmitters 32 32 256 169 — —
Receivers 32 32 256 1024 — —
Frame rate 8 frames/s 8 frames/s 22 volumes/s 60 volumes/s 24 volumes/s 50 volumes/s
Scan view 65∘ 65∘ 64∘ 65∘ — 90∘

Frequency 1.7MHz 1–2.3MHz 2–3.5MHz 5MHz 2.8MHz 4MHz
Volume size 24 × 24 — 64 × 64 × 512 30 × 30 × 60 450 × 24 × 30 14 × 14 × 12
Resolution 4∘ 12 × 18 3 × 3 × 2mm — 2.5mm 200 𝜇m

Authors
von Ramm et

al. [100]
(1990)

von Ramm et
al. [101] (1991)

Stetten et al.
[102] (1998)

Yen and
Smith [6]
(2004)

Frey and
Chiao [103]
(2008)

Deán-Ben et
al. [104] (2015)

Although 2D array transducers are capable of realizing
the 3D visualization of dynamic structures in real-time
directly and ideally, the electrical impedance of each element
in 2D array transducers is much greater than that in 1D array
transducers, which makes impedance matching of 2D array
elements challenging [14]. Furthermore, to avoid the cross-
talk between elements, a half-wavelength distance is needed
for the neighbor elements, which results in a large number
of elements and extremely small size of each element. To
reduce the difficulties in fabrication of 2D array transducer,
the size of the array cannot be large, which leads to a small
field of view in imaging. Several problems should be resolved
before 2D array transducer becoming widespread in clinical
examinations.

2.2. Mechanical 3D Probes. Other 3D probes are developed
for real-time 3D US imaging by assembling a linear array
transducer inside a handheld instrument (Figure 3). In a
mechanical 3D probe, a regular linear array transducer is
motored to rotate, tilt, or translate within the probe under the
computer control [15]. Multiple 2D images are acquired over
the examined area when the motor is activated [16]. The axis
of rotation, tilt, or translation can be used as reference frame
for 3D images reconstruction. Three types of mechanical
scanning are illustrated in Figure 4, that is, linear scanning,
tilting scanning, and rotational scanning.

2.2.1. Linear Scanning. In this approach, the transducer is
driven by a mechanism to translate across the ROI. The
scanning route of the transducer is parallel to the surface of
the skin and perpendicular to the image plane. The acquired
images are parallel and equidistantly spaced and their spacing
interval can be adjusted by changing the image frame rate.
The resolution of 3D images produced by this approach
is not isotropic. The resolutions in the directions parallel
to acquired 2D image planes are the same as the original
2D images, and the resolution in the direction of scanning
route depends on the elevational resolution ofmechanical 3D
probe.

2.2.2. Tilting Scanning. In the tilting scanning, the transducer
is motored to tilt about an axis at the transduce surface. A

fan of planes is acquired and the angular separation between
images is adjustable, which depends on the rotational speed of
motors and the image frame rate.When acquiring images, the
probe should be fixed on the skin of patients. The resolution
of produced 3D images is not isotropic which degrades as the
distance from the tilt axis increases.The time of obtaining 3D
volume depends on image update rate and the quantity of the
required images.

2.2.3. Rotational Scanning. In rotational scanning method,
the transducer is driven to rotate with central axis of the
probe. The axis should remain fixed when the ROI is being
scanned. The rotational scanning probe is sensitive to the
motion of transducer such that resulting 3D images will con-
tain artifacts if anymotion occurs during the scan.The resolu-
tion of the obtained 3D images is also not isotropic.The reso-
lution will degrade as the distance from the axis increases. If a
convex transducer is assembled in the probe, the correspond-
ing resulting 3D imageswill be in a conical shape; otherwise, a
cylinder will be obtained when a flat transducer is employed.

2.2.4. Summary. For various applications in clinical practice,
a variety of mechanical 3D probes are developed in recent
decades. For instance, Downey and Fenster [17] proposed a
real-time 3D US imaging system which consists of rotating
and linear mechanical 3D probes for different applications.
The sequence of images can be acquired at 12.5 frames/s and
reconstructed immediately. The system has been applied in
breast, prostate, and vascular examination, and the acquisi-
tion resolution can be set as 0.3–1.0mm depending on the
ROI.

Mechanical 3D probes are made compactly and they
are convenient to operate, though they are comparatively
larger than conventional linear probes. The needed imaging
and reconstruction time is short which enables viewing
high-quality 3D images in real-time. However, clinicians are
required to hold the mechanical 3D probes statically while
acquiring images, which will lead to latent errors for data
acquisition. Furthermore, a particular mechanical motor is
needed for integrating with transducer, which is lack of
universality.
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Figure 3: Schematic structure of a mechanical 3D probe.
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Figure 4: Schematic structure of three types of mechanical scanning: (a) tilting scanning; (b) linear scanning; (c) rotational scanning.

2.3. Mechanical Localizers. Similar to mechanical 3D probes,
mechanical localizers are driven by motorized mechanisms.
In a 3D mechanical probe, the scanning mechanism is inte-
grated inside a handheld instrument together with a special
1D linear transducer. Nevertheless, a mechanical localizer
consists of an external fixture which holds a conventional 1D
transducer to acquire a series of sequential 2D images [18, 19].

Generally, the scanning route is predefined such that the
relative positions and orientations of acquired 2D images can
be precisely recorded in computers. With this location infor-
mation, 3D US images can be reconstruction in real-time.
The angular and spacing interval between each frame can be
adjusted to obtain optimal resolution andminimize the scan-
ning time. Similar to mechanical 3D probes, the patterns of
mechanical localizers scanning can be grouped into 3 types:
that is, linear, tilt, and rotation.

Several mechanical localizers systems have been pro-
posed for real-time 3D US imaging, such as Life Imaging
System L3Di 3D US acquisition system, which can drive
probes in linear scanning for carotid arteries diagnosis [20].
The mechanical localizers have capacity of holding any con-
ventional transducers such that they can undertake the devel-
oped US imaging probes without any update to themselves
[21]. However, themechanical localizers are always enormous
and heavy, making them inconvenient in applications.

2.4. Freehand Scanners. Obviating the need for cumbersome
mechanism, freehand scanners are flexible and convenient
to operate. Using a freehand scanner, clinicians can scan the
ROI in arbitrary directions and positions, enabling clinicians
to choose optimal views and accommodate complexity of
anatomy surface. Positions and orientations of 2DB-scans are
needed for reconstructing 3D images. Four approaches with
different positional sensors were proposed for tracking the
US probe: that is, acoustic positioner, optical positioner, artic-
ulated armpositioner, andmagnetic field sensor (Figure 5). In
addition, image-based approaches without positional sensors
were also developed, for example, speckle decorrelation.

2.4.1. Acoustic Positioner. In this approach, three sound
emitting devices are mounted fixedly on the transducer, and
an array of microphones is placed over the patient. The
microphones receive acoustic wave continuously from sound
emitters during the scanning. Positions and orientations can
be calculated for reconstructing 3D imageswith knowledge of
the speed of sound in air, the measured time-of-flight from
each sound emitter to microphones, and the positions of
microphones [22]. To guarantee a good signal-to-noise ratio
(SNR), microphones should be placed closely to the patients
and the space between emitters and microphones should be
free of obstacles.
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Figure 5: Schematic structure of three types of position sensor: (a) acoustic sensor; (b) optimal positioner; (c) magnetic field sensor; (d)
articulated arm positioner.

2.4.2. Optical Positioner. A freehand transducer with optical
positioner system consists of passive or active targets fixed
on the transducer and at least two cameras used to track
targets. By observing targets from 2D images, the position
and orientation can be calculated with knowledge of relative
positions of targets [23]. Optical positioners can be divided
into passive stereovision system and active marker system.
Passive stereovision systems make use of three or more matt
objects as targets and active marker system utilizes several
infrared diodes as markers, whose frequency is already
known. A freehand transducer with optical positioner is
stable and has high accuracy.

2.4.3. Articulated Arm Positioner. In this approach, a trans-
ducer is mounted on an articulated arm with multiple
movable joints. Unlike mechanical localizer, clinicians can
manipulate the transducer with an articulated arm positioner
in arbitrary orientations to obtain optimal views. Potentiome-
ters located on the joints can monitor the moving angulation
and position of articulated arms continuously, which are
effective for calculating the spacing information of transducer
for 3D reconstruction. To improve the precision, the individ-
ual arms should be as short as possible, which will lead to a
small range of view.

2.4.4. Magnetic Field Sensor. A transducer with magnetic
field sensor consists of a time-varying magnetic transmitter
placed near the patient and a receiver containing three
orthogonal coins attached on the transducer. The receiver
measures the strength of magnetic field in three orthogonal
directions; then the position and orientation of the trans-
ducer can be calculated, which is needed for 3D reconstruc-
tion. Magnetic field sensors are relatively small and more
flexible without a need for unobstructed sight. However,
electromagnetic interference and existence ofmetallic objects
may compromise the tracking accuracy and cause distortion.
Furthermore, to avoid tracking errors, the magnetic field
sampling rate should be increased.

2.4.5. Image-Based Sensing. Image-based sensing approach
extracts the relative positions by analyzing the image feature,
for example, speckles, instead of depending on position sen-
sors [24]. According to the phenomenonof speckle decorrela-
tion, the speckle pattern should be the same if two images are
acquired at the same position, which results in nondecorre-
lation. However, the decorrelation is proportional to the dis-
tance between two images. To obtain the relative translation
and rotation between two images, the acquired images
are divided into small subregions. Calculated decorrelation
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values can be used to analyze the relative position and orien-
tation of adjacent 2D images. Using this scanning protocol,
operators are supposed to move the transducer at a constant
velocity in linear or rotational manners to guarantee appro-
priate intervals. However, this approach is lacking accuracy.

2.4.6. Summary. Welch et al. [23] proposed a real-time
freehand 3D US system for image-guided surgery which
utilized a 5MHz linear transducer and an optical positioner
to track the location and orientation. With the frame rate at
15 frames/s, the system was able to dynamically reconstruct,
update, and render 3D volumes. Prager et al. [25] imple-
mented volume measurement and visualization in real-time
using a freehand US system with a magnetic field position
sensor. With the help of optimized sequential algorithms,
the 3D US volume could be resliced at 10Hz. Dai et al. [26]
developed a real-time freehand 3D US system which enabled
us to semiautomatically determine the ROI using a 3.5MHz
concave probe and an electromagnetic position sensor. The
systemwas capable of fast predetermining the reconstruction
volume and assigning the optimal viewing direction, which
achieved an accurate and fast reconstruction in real-time.

Without the predefined route, the freehand scanners
should be moved over the skin surfaces in an appropriate
speed to avoid significant gaps. Considering the variance
of the environment and sensor positions, freehand scanner
systems with position sensors should be calibrated every time
before being used [27]. Usually, spatial calibration and time
calibration are needed for calculating a spatial correction and
time delay.

3. Reconstruction Algorithms

Aside from quality and rate of data acquisition, the speed
and accuracy of volume reconstruction are significant for
realizing real-time 3D US imaging. Various reconstruction
algorithms were proposed for visualizing ROI simultane-
ously while scanning, most of which were based on the
conventional 3D reconstruction algorithms and utilized par-
allel computing technique. Hence, reconstruction algorithms
which have already completed or are potential for real-time
visualization are introduced in this section. The real-time
reconstruction algorithms of 3D voxel representation can be
classified into 3 types based on implementation: that is, Voxel-
Based Methods (VBMs), Pixel-Based Methods (PBMs), and
Function-BasedMethods (FBMs).The voxel value in the grid
usingmethodsmentioned above depends on the source pixels
from the acquired 2DB-scan images. In the following illustra-
tions, the 3D voxel grids are showed as 2D grids marking the
centers of the voxels and the 2D input images are illustrated
as lines where the points illustrate the centers of the pixels.

3.1. Voxel-Based Methods. In VBMs, every voxel in the pre-
defined structured volume is traversed and assigned a value
depending on one pixel or more from the acquired B-scans.

One Voxel with Support of One Pixel.The most popular one-
pixel contribution is the Voxel Nearest Neighbor (VNN) [28]
with a simple concept that each voxel is assigned the value of

Figure 6: VNN. A normal from the voxel to two nearest frames is
calculated and the nearest pixel is selected to be mapped into the
voxel.

the nearest pixel from source 2D image (Figure 6). By taking
into account the fact that the nearest pixel to the voxel lies on
its normal to the nearest B-scan, the reconstruction can be
speeded up rapidly [29]. Additionally, a volumeless method
was proposed by Prager et al. [25] to produce arbitrary 2D
slice through the origin data set. It traverses the pixels of the
selected volume slice and maps the relative nearest pixels on
the acquired frames to the slice by considering the fact that
theUS beamhas a thickness to improve the quality of the slice
(Figure 7). The system can generate planar and nonplanar
slices quickly for it does not need to construct a volume grid.

Voxel-Based Methods with Interpolation (VBMI). The voxel
value relies on the interpolation between several correspond-
ing pixels of the captured frames. The interpolation methods
that are popularly used refer to the distance weighted (DW)
and its modified versions. The key concept of the DW is that
the voxel value is assigned the weighted average of pixels in
local neighborhood and the weight is often the inverse of the
distance from the pixel to the voxel. Trobaugh et al. [30] pro-
posed a method to traverse each voxel and search the closest
two 2D B-scans on each side of the voxel. Then a normal to
each surrounding B-scan was determined, passing through
the voxel, to obtain the contact points on the two scans. The
intensity value of the point was assigned by the bilinear inter-
polation of the four enclosing pixels on the scan. Afterwards,
the target voxel had the value as a weighted average of the
two contact points where the weight relied on the distance
from the voxel to the scan plane (Figure 8). Another clever
algorithm based on Trobaugh’s was introduced by Coupé et
al. [31] which estimated the probe trajectory between the
two nearest B-scans to find intersecting points on the two
planes corresponding to the current traversed voxel which
was then assigned the weight sum of the two points. As what
Trobaugh did, the value of the intersecting points came from
the bilinear interpolation of the four closest pixels (Figure 9).
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Figure 7: Consider the thickness of the US beam to improve
inserted quality.

Figure 8: VBM with interpolation from the two nearest surround-
ing images where a normal to each image is calculated.

3.2. Pixel-Based Methods. PBMs are popular in most of the
3D US systems. They traverse the pixels of the acquired B-
scans and attribute the pixel value to one or more voxels.
There are some factors that result in gaps in the voxel
array; for example, a sparse scanning or the voxel size is set
small compared to the distance between the B-scans. Thus,
a subsequent step is necessarily needed to fill the gaps. The
basic algorithm mainly consists of two stages: a distribution
stage (DS) and a gap-filling stage (GFS). In the DS, a current
traversed pixel distributes pixel value to the nearest voxel or
voxels in a definitive region with a weight value. After the DS
step, gaps may occur in practice. Thus, the second stage, that
is, GFS, has to fill the remaining gaps to get a desired result.
We summarize algorithms for the two stages in the following.

3.2.1. DS. Pixel nearest neighbor interpolation (PNN) may
be the earliest and simplest reconstruction algorithm as it
just fills the pixel value to the nearest voxel in the volume.
If more than one pixel runs through the voxel, then the voxel
value can be the average (Nelson and Pretorius [32], Gobbi
and Peters [33]),maximumvalue (Nelson and Pretorius [32]),
the most recent value (Ohbuchi et al. [34]), or the first value
(Trobaugh et al. [30]) of the pixels.

Figure 9: The probe trajectory used to find the two intersecting
points on the two surrounding images is estimated.

Other investigators proposed some comparatively com-
plex but improved interpolation algorithms formore accurate
imaging [35–37]. These methods introduce a local neighbor-
hood called kernel around the pixel to distribute the pixel
value to the contained voxels. Every voxel accumulates the
pixel values as well as theweight valueswhich are then used to
calculate the final voxel value.Thus,we can call thesemethods
kernel-based algorithms, and some parameters, such as the
weight function and the size and shape of the neighborhood,
should be set prior to reconstruction.

The most commonly referred example of kernel-based
algorithms is introduced by Barry et al. [38], who used
a spherical kernel of radius 𝑅 around the pixel with the
weight, that is, the inverse distance. Any voxel lying in the
neighborhood stores accumulated intensity contribution and
relative weight from the central pixel. After traversing all
the pixels, the final voxel value is computed by dividing its
accumulated pixel intensity value by its accumulated weight
value. It should be noted that the radius 𝑅 influences mostly
the DS result. Small 𝑅 results in quantity of gaps, and large 𝑅
leads to a highly smoothed volume.

Huang et al. [39] further improved the approach by intro-
ducing a positive parameter for the weight and the method
is called the squared distance weighted (SDW) interpolation
(Figure 10). The algorithm can be described as follows:

𝐼 (�⃗�𝐶) =
∑𝑛
𝑘=0
𝑊𝑘𝐼 (�⃗�𝑘𝑃)
∑𝑛
𝑘=0
𝑊𝑘
,

𝑊𝑘 =
1

(𝑑𝑘 + 𝛼)
2
,

(1)

where 𝐼(�⃗�𝐶) is the intensity value of the target central voxel, 𝑛
refers to the number of pixels that fall within the predefined
region, 𝐼(�⃗�𝑘

𝑃
) denotes the intensity of the 𝑘th pixel that

transformed to locate on the volume 𝐶 coordinate, while𝑊𝑘
is the relative weight for the 𝑘th pixel depends on the distance
𝑑𝑘 from the 𝑘th pixel to the target voxel at 𝐶 coordinate, and
the positive parameter 𝛼 is used to adjust the effect of the
interpolation. The method can reduce the blurring effect in
the 3D image since it offers the nonlinear assignment for the
weights [39]. In addition, Huang and Zheng [40] proposed an
adaptive strategy, namely, adaptive squared distanceweighted
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Figure 10: Squared distance weighted interpolation. Pixels that fall
within the spherical region make value contribution to the central
voxel.

(ASDW) method, to automatically adjust 𝛼 by utilizing the
local statistics of pixels in the spherical region around the
target voxel with the goal to preserve tissue edges and reduce
speckles in the 3DUS image. Another adaptivemethod based
on Gaussian convolution kernel, that is, adaptive Gaussian
distance weighted (AGDW), is designed by Huang et al. [41],
which performswell in speckle reduction and edges preserva-
tion as well. The simulation results show the adaptive process
offers a good trade-off between the edges preservation and
speckle suppression [42]. To reduce the interpolation errors,
four median-filter-based methods are also proposed by
Huang and Zheng [43] for calculating the voxel intensities.

Additionally, the kernel also can be cubic; for example,
Gobbi and Peters [33] introduced the pixel trilinear interpo-
lation (PTL) that made each pixel smeared into a 2 × 2 ×
2 kernel and then compounded or alpha-blended into the
resulting volume at an appropriate location. The compound-
ing approach used an accumulated buffer to accumulate the
weights, indicating how much the voxel was impacted by
the intersected pixels while the alpha-blending method put
higher weight on the newly inserted pixel than the previous
ones without using the accumulated buffer for efficient
computation.The compounding method can be explained as
the following formulas:

𝐼𝑘voxel =
(𝑏𝑘𝐼pixel + 𝑎𝑘𝐼𝑘voxel)
(𝑏𝑘 + 𝑎𝑘)

,

𝑎𝑘 = 𝑎𝑘 + 𝑏𝑘,

(2)

where 𝐼𝑘voxel denotes the 𝑘th voxel in the volume, 𝐼pixel means
the pixel value on the B-scan, and the splat kernel coefficient
𝑏𝑘 indicates how much the pixel impacts the voxel and the
𝑎𝑘 accumulated weight for the corresponding voxel. The
compoundingmethod provides average of the new splat with
the previous splat to reduce the noise [33].

Figure 11: PBMs DS with a 3D ellipsoid Gaussian kernel around
the pixel and the extent and weighting is determined by an ellipsoid
Gaussian kernel.

The alpha-blending method uses the same equation that
is used for image compositing via alpha blending as follows:

𝐼𝑘voxel = 𝑏𝑘𝐼pixel + (1 − 𝑏𝑘) 𝐼𝑘voxel . (3)

The additional initial condition requires that the initial voxel
value 𝐼𝑘voxel = 0. The voxel gets value unless it is hit by the
splat and the first time would be 𝐼𝑘voxel = 𝐼pixel. In this method
a new pixel obscures the contribution of the previous pixels
and the scheme achieves faster reconstruction compared to
the compounding one.

Some other kernel shapes have also been availably pro-
posed to reduce the reconstruction error and improve 3D
images. By taking into account the asymmetric shape of
the point spread function of the US beam, Ohbuchi et al.
[34] applied an ellipsoid Gaussian convolution kernel to the
neighboring pixels of each voxel (Figure 11). By assigning
more weight to the most recent pixel, the change during
sweeping can be taken into consideration.

3.2.2. GFS. After theDS, some gaps occur in the volume array
if the size of the voxel or the local neighborhood is small com-
pared to the distance between the acquiredB-scans.Therefore
a necessary processing, that is, GFS, is performed to fill the
empty voxels to make the volume integrated and continuous.
A variety of filled strategies have been proposed; for example,
Hottier and Billon [44] traversed the volume voxels and
applied bilinear interpolation between two closest nonempty
voxels in the transverse direction to the B-scans to the empty
voxel. Other investigators applied a kernel to the filled or
empty voxel, and the kernel shape can be sphere or ellipsoid
and so on. Some simple interpolation strategies include
replacing the hole with a nearest nonempty voxel, an average
(Nelson andPretorius [32]) or amedian (Estépar et al. [45]) of
the filled voxels in a local neighborhood. Other hole-filling
methods already existing with more reasonable filling are
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Figure 12: PBM GFS. Gap-filling with an ellipsoid kernel around a
voxel, and the PSF of the US system is used to determine the kernel
shape and weighting.

of great computational cost. Huang et al. [39] enlarged the
spherical region of the empty voxels to include more voxels
for calculating the weighted average value using SDW for the
empty voxel and the voxel value is left zero if the region size
exceeds a preset threshold [39]. Estépar et al. [45] applied a
normalized convolution with an ellipsoid kernel whose shape
and weighting depended on point spread function of the
US system to the filled voxels instead of the empty ones to
complete the hole-filling (Figure 12). In the kernel methods,
it is an important issue to determine the kernel size. The size
can be set arbitrarily great to fill all the empty voxels but
brings a highly smooth volume. Otherwise, if the size is set
small, there still exist gaps in the reconstructed volume after
the hole-filling. However, it is reasonable to leave the holes
unprocessed, indicating that the scanning sweep has missed
those locations.

It should be noted that the GFS is not necessarily needed
in some situations like scanning densely or taking into
account the thickness of the US beam theoretically. However,
it is safe to perform the additional gap-filling to acquire
an integrated result since the physicians scan arbitrarily in
practice without the guarantee of dense scans.

3.3. Function-Based Methods (FBM). The FBMs attempt to
introduce functional interpolation for 3D US reconstruction.
It chooses a particular function, for example, a polynomial,
and utilizes the pixel values and relative positions to deter-
mine the function coefficients. Afterwards, the functions are
evaluated at regular intervals to produce the voxel array (Fig-
ure 13). Rohling et al. [29] proposed the Radial Basis Function
(RBF) that is an approximation with splines. The RBF should
satisfy the smoothness requirement from an assumption that
the input data is smooth at a scale of several B-scan pixels
as well as the approximation requirement that comes from
the existence of measurement errors. In order to efficiently

Figure 13: Functional interpolation.The function through the input
points is estimated and evaluated at regular intervals to obtain the
final voxel values.

increase the computed speed, the voxel array is divided into
separated small, nonoverlapping rectangular segments where
individual interpolating functions are calculated until all the
voxel array is covered. An overlapping window that can be
expanded sufficiently in all directions to encompass the pixels
of the segment and the neighboring pixels is established to get
smooth connections among the neighboring segments. All
data inside the window is used to calculate the RBF for the
enclosed segment and produce a continuous 3D result after
all the segments have been traversed. Another popular algo-
rithm called Rayleigh interpolation with a Bayesian frame-
work estimates a function for the tissue by statistical methods
where the Rayleigh distribution is to describe the US data.
Sanches and Marques [46] further sped up the algorithm by
running the first iterations on low resolution of the voxel
volume.

Most recently, Huang et al. [47] have designed a fast inter-
polation method for 3D US with sparse scanning based on
Bezier curve.They used a control window to cover 4 adjacent
original frames and thus 4 pixel points at the same position
on the 4 adjacent B-scans were set to be the control points to
determine a 3rd-order Bezier curve. Then voxels located on
the path in the reconstructed coordinate were interpolated. It
can be described as the following formulas:

𝑉 (𝑡) = 𝑃0 (1 − 𝑡)
3 + 3𝑃1𝑡 (1 − 𝑡)

2 + 3𝑃2𝑡
2 (1 − 𝑡)

+ 𝑃3𝑡
3, 𝑡 ∈ [0, 1] ,

(4)

where 𝑉(𝑡) denotes the voxel value, 𝑃0, 𝑃1, 𝑃2, 𝑃3 are the 4
control points transformed from the corresponding 4 pixels,
and 𝑡means the normalized distance from the voxel to 𝑃0.

After the voxels along the Bezier curves have been
traversed, the control windowmoves to the next 4 adjacent B-
scans along the scanning direction to repeat the voxel filling.
In order to avoid gaps and make a continuous volume, the
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Moving direction of the control window

Overlap between
adjacent control windows

First control
window

Last control
window

· · ·

Figure 14: Bezier interpolation. Movement of the control window
along with the sequences of B-scans for reconstruction of 3D
volume.

adjacent control windows are overlapped by 50% and voxels
falling into the overlapped region get values by a distance
weighted averaging strategy as follows:

𝑉 = 𝑑2
𝑑1 + 𝑑2
𝑉pre +

𝑑1
𝑑1 + 𝑑2
𝑉cur, (5)

where 𝑉pre, 𝑉cur denote the voxel values that are calculated
from the previous and current control window, respectively,
and 𝑑1, 𝑑2 refer to the distance from the voxel to 𝑃0 of the
current Bezier curve and 𝑃3 of the previous Bezier curve
(Figure 14). The method can speed up the reconstruction
mostly for a single 3rd-order Bezier curve using 4 control
points is able to estimate more than 4 voxels whereas the
estimation of a voxel value often requires a number of pixels
in conventional techniques [47].

3.4. Computation Time. In terms of real-time 3D US system
for practical clinic, like intraoperation, reconstruction and
rendering speed are the most important aspects that should
be taken into account. The reconstruction time of various
algorithms is listed in Table 2. Since the raw B-scan data
to be processed is different and the hardware differs in
performance, the frame size, volume size, and hardware are
included if possible to give a better comparison. From the
table we can see that some of the algorithms reconstruct
volume in real-time or near real-time (PTL, Bezier interpola-
tion) while others needmuch long time (two adjacent frames’
interpolation, RBF). It is obvious that the simplemethods like
VNN and PTL achieve a satisfying computation performance
for they adopt plain process architecture. Those utilizing a
neighborhood (i.e., 3D kernel) to achieve a more accurate
reconstruction result increase the computation complexity,
thus resulting in higher cost of computation time. For the
kernel-based algorithms, computation cost can be reduced
through minimizing the neighborhood size or selecting
relative simple kernel and weighting (spherical kernel works

faster than ellipsoid kernel; linear weighting performs bet-
ter than the nonlinear weighting with spherical kernel).
Although the RBF is declared to achieve encouraging recon-
struction accuracy, it cannot be acceptable in most practical
application for its intolerable computation time. Another
function-based algorithm, that is, Bezier interpolation, how-
ever, performs the reconstruction closely to real-time as it
takes advantage of Bezier curves to use 4 control points to
interpolate more voxels in the path. It is claimed to achieve
fast and accurate reconstructed result compared to the VNN
and DW methods in processing sparse raw data for it can
better track the changing trend of the control points [47].
It should be noted that although the algorithms in the table
cannot reach a fully real-time effect (B-scan image acquisition
rate is typically 25 or 30 frames/s), the algorithms can be
accelerated to reach real-time.

With the increasing computation power of hardware or
the parallel computing technique, successful stories have
been reported using Graphics Processing Unit (GPU) to
make the reconstruction completed in real-time [48]. Dai et
al. [49] accelerated the incremental reconstruction up to 90
frames/s with a common GPU. Chen and Huang [50] imple-
mented two real-time visualized reconstruction methods
based on SDW and Bezier interpolations with the help of a
common GPU, which speed up the frame rate from 1.33
frames/s and 20 frames/s to 32 frames/s and 119 frames/s.
Considering that a powerful processor is always expensive,
GPU that can be found in most PCs may be a suitable choice
to speed up the reconstruction for the real-time visualization.
Algorithms work on GPUmust be parallelized.Thus, parallel
performance is one of the important aspects in choosing a
reconstruction algorithm, and luckily, most of the algorithms
in Table 2 meet the requirement.

3.5. ReconstructionQuality. Thereconstruction accuracy and
display quality are also needed in 3D real-time US imaging
for effective diagnosis. Various factors impact the final recon-
struction quality, including the probe resolution, the rational-
ity of reconstruction algorithm, probe calibration, and posi-
tion sensor accuracy. Among these factors, we are likely to
analyze how the algorithms impact the reconstructed result.
A commonly used quantitative analysis method for recon-
struction quality is the leave-one-out test, where some pixels
from the raw data are removed before the remaining data are
used to reconstruct the voxel array, and the reconstruction
error is defined to the average absolute difference between the
missing pixels and the corresponding reconstructed voxels
[47]; that is,

𝐸 = 1
𝑁

𝑁

∑
𝑖=1

𝑝𝑖 − 𝑟𝑖
 . (6)

Table 3 is extracted from [47] to show the averaged
interpolation errors and the standard deviations for several
reconstruction algorithms for reconstructing a fetus phantom
and the data removing rate is 100%, that is, one frame. It may
be a valuable comparison to detect the reconstruction quality
of the three types of reconstruction algorithms.
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Table 3: The interpolation error of different reconstruction algo-
rithms, and the scanned data is sparse.

VNN DW Bezier
Mean SD Mean SD Mean SD
13.32 1.69 11.29 1.26 10.58 1.38

VNN traverses the voxels in the grid and hence avoids the
hole-filling stage, making it one of the fastest reconstruction
algorithms. However, it seems to be the most inaccurate
method compared to others in many published papers
(Rohling et al. [29], Huang et al. [51]) for its inevitable
drawback of introducing the most artifacts into the volume.
The PNN outperforms the VNN as it allocates the pixel to the
nearest voxel and a subsequent step is taken to fill the holes
by combining pixel values in a neighborhood, making the
volume continuous. Unfortunately, artifacts can be generated
by this two-stage process, for example, the boundary between
the highly detailed “nearest mapping” and the smoothed
“hole-filling” voxels [29]. The VBMs and PBMs that apply a
3D kernel to the pixel (i.e., kernel-based algorithms) allow
several pixels making contributions to the voxels in the
neighborhood further and can improve the reconstruction
accuracy [52]. Several parameters, for example, the shape of
the kernel (spherical or ellipsoid), the size of the kernel, and
the weighting type (linear and nonlinear inverse distance,
Gaussian), influence the kernel-based methods’ computation
cost and reconstruction accuracy. It is shown that the ellip-
soid Gaussian kernel outperforms the spherical kernel for it
takes the asymmetric shape of point spread function of theUS
beam [29]. Nevertheless, it requires expensive computation
compared to the spherical one for it introducesmore complex
neighborhood shape and weight function. It should be noted
that the kernel-based methods can reduce the computation
time through minimizing the neighborhood size but bring
in more holes that need to be filled in the hole-filling stage.
Moreover, if the size is set to be large, smaller gaps but
excessive smoothing will occur. The most recent function-
based algorithm called Bezier interpolation deserves our full
attention for its best performance in processing sparse raw
scan data. In intraoperation, the physician may scan fast to
get an immediate feedback of the scanning region; thus, the
acquired B-scan data is usually sparse [45, 53]. With the
advantage of fast reconstruction with better reconstruction
accuracy, the Bezier interpolation method will make a big
count in clinical practices.

3.6. Real-Time versusHigh-Quality Reconstruction. Generally
speaking, a high-quality reconstruction algorithm intro-
ducing more complex processing architecture that requires
expensive computationmay not be implemented in real-time
with current commonprocessors. In order to achieve the real-
time goal, the simple methods designed tominimize the time
and the memory required for reconstruction become a suit-
able choice. Nevertheless, with the increases in the compu-
tational power of PCs and the rapid development in parallel
computing technique, it is full of possibility of completing
the high-quality algorithms in real-time. By taking advantage

of the large number of parallel executing cores in modern
GPU [54], many researchers have used GPU as accelerators
across a range of application domains [55], including the
3D US. Dai et al. [49] processed the PTL interpolation with
compounding on the GPU in parallel and achieved a real-
time reconstruction of up to 90 frames/s. Chen and Huang
[50] performed the SDW interpolation on a common GPU
and achieved a faster speed of 32 frames/s. Moreover, Chen
and Huang [50] utilized the parallel computing on Bezier
interpolation, which extremely accelerates the reconstruction
speed at 119 frames/s. Hence, it is no doubt that GPU could
be an ideal solution to settle the computational requirement
in 3D US for a real-time goal.

4. Volume Rendering

4.1. Rendering Algorithms. The reconstruction speed and
quality have a serious influence on the implementation
of real-time visualization and the accuracy of practical
diagnosis. However, the rendering technique also plays a
significant and, at times, dominant role in transmitting the 3D
information to the physicians timely. There exist three basic
approaches for 3D visualization of US images: that is, slice
projection, surface rendering, and volume rendering [56].

The slice projection allows users to view arbitrary slices
from any angle of the scanned object. It can be real-time but
still has the drawback that the physicians have to mentally
reconstruct the 2D slices in 3D space [5]. Surface rendering
based on visualization of tissue surfaces just simplifies the
data set to rapidly describe the shapes of 3D objects such that
the topography and 3D geometry are more easily compre-
hended [57]. In this approach, a segmentation or classifica-
tion step is performed before rendering, losing some features
of the data set, and making the method particularly sensitive
to noise. Volume rendering displays the anatomy in a translu-
cent manner. It allows physicians freely to choose the opacity
values to selectively highlight particular features of the vol-
ume objects, which improves the diagnostic accuracy. Nev-
ertheless, since every acquired data element influences every
rendered view, this method requires expensive computation.

Both the slice projection and surface rendering only dis-
play a small part of the whole 3D information acquired at any
one time. Due to the less computational requirement, many
systems acquired the interactive rendering through slice
projection in the past; for example, Prager et al. [25] rendered
any slice of the scanned object using the Gouraud technique.

Volume rendering, however, preserves all the 3D infor-
mation, making it the most common technique for 3D
display [32]. Among volume rendering, the opacity-based
ray-casting method is popularly used in 3D US display [58].
Thanks to the rapid development in computer technology, the
method can be completed quickly, even in real-time. There-
fore, we just give an outline of the opacity-based ray-casting
volume rendering algorithms and put an emphasis on the
rendering arrangement during volume reconstruction.

One early approach for ray-casting volume rendering is
based on intensity projection techniques [59]. It casts rays
through the 3D image and every ray intersects the image with
a series of voxels and then the voxel values areweighted or just
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Ray 

Original voxels
Resampled voxels

Screen plane

Original volume slices

Figure 15: Volume rendering using direct ray casting. Voxels
along each ray are resampled via a trilinear interpolation of eight
neighboring original voxels.

picked the maximum value for each ray to show the anatomy
in a translucent manner. A more realistic, opacity-based
volume rendering technique based on optical models had
been first proposed by Levoy [57] to delineate surfaces and
convey depth information better (Figure 15). The rendering
algorithm includes twomain operations, that is, volume clas-
sification and shading. Volume classification assigns opacities
to voxels in a volume dataset. Through a rational design
of optimum opacity transfer functions, users can achieve
high-quality rendering that makes structures of interest
more prominent and the background structures less visible.
Shading detects the surface orientation and assigns color to
each voxel, depending on an illumination model and the
surface orientation. After these two operations, a projection
operation named as compositing casts rays from the pixels of
the final present image plane into the volume to resample the
voxels at equidistant intervals. The sampled voxels get opaci-
ties and colors through trilinear interpolation using the eight
nearest voxels in the original volume grid and then the resam-
pled opacities and colors aremergedwith each other andwith
the background by compositing to yield the final colors for
the rays and since only one ray is cast per image pixel, for the
corresponding pixels of the image plane.

The conventional direct-ray-cast volume rendering has an
inevitable drawback of incoherent data access, thus resulting
in an inefficient computation since memory architectures
suffer from long latencies in case of random accesses. Some
efforts were made to overcome the high computational cost.
One of the fastest classic algorithms that are designed to over-
come the expensive computation in direct-ray-cast method is
the shear-warp algorithmwhich breaks down ray casting into
two stages [60], that is, the shear component and the warp

Warp

Ray

Screen plane

Shear

Original voxels
Resampled voxels
Original volume slices

Figure 16: Fast volume rendering using shear-warp. Bilinear inter-
polation is used within each slice to resample each voxel along a ray
from the four neighboring original voxels.

component (Figure 16). It processes the 3D data slice by slice
on the original volume grid to reduce the computationally
expensive trilinear interpolation to bilinear interpolation and
at the same time makes the data access coherent by confining
the resampled voxels to one slice at a time. However, the
confinement of voxel sampling locations to discrete slice
locations results in aliasing in compositing and loss of sharp
details occurs because of multiple stages of resampling.

Another limitation is the Venetian-blinds artifact on
some viewing angles due to the volume shear that is difficult
to remove completely [61]. Wu et al. [62] proposed the shear-
image-order algorithm (Figure 17) mainly to overcome the
problems associated with shear-warp. It eliminates the need
for the final affine warp in the shear-warp algorithm through
resampling each slice to make the interpolated voxels aligned
with the pixels in the final image, preserving the sharp details
better. Also, the shear-image-order algorithm makes each
slice undergo a 2D shear to correct for the distortion resulting
from restricting the sampling locations to original slice loca-
tions, which remains the shear-warp’s data-access efficiency
[61].

4.2. Rendering Arrangement. There are mainly two arrange-
ments for rendering during data acquisition and insertion:
one is to render the volume as each newly acquired image
arrived and has been inserted into the voxel grid (i.e., slice-
by-slice incremental volume rendering); the other is to wait
for a fixed number of frames to be mapped onto the volume
before the rendering.

4.2.1. Multiple Scans per Rendering (MSPR). Due to the
heavy computation in rendering and limited computational
capacities of common processors, it is reasonable to render
the partial volume after several scans have been inserted into
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Ray 
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Original voxels
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Original volume slices

Figure 17: Fast volume rendering using shear-image-order. Bilinear
interpolation is used within each slice to resample each voxel along
a ray from the four neighboring original voxels.

the grid array to obtain a near real-time visualized feed-
back. Several researchers have attempted this arrangement to
achieve a near real-time result. Welch et al. [23] developed a
system that updates the scanned volume with the capacity to
simultaneously view cross-sections through the volume and
a volume-rendered perspective view. The system waits for a
fixed number of frames to form a data scan block which is
then mapped onto the volume where the voxel value comes
from the average of pixels at that position. The gaps are
filled using the distance weighted average of the two nearest
scanned voxel values in the scan direction. Then a rendering
engine provided by CBYON, Inc., is applied to render the
partial volume.The render rate reached roughly 15 frames/s as
well as the reconstruction rate and thus, the system achieved
a near real-time result. In addition to the qualitative feedback,
that is, views of the partial volume, Dai et al. [26, 49] designed
a system that provides real-time quantitative feedback on
reconstruction, allowing the physicians to get hold of the pro-
cess rate of reconstruction and determine when to terminate
the scanning. In the system, pixels of every newly acquired B-
scan are assigned into the predefined volume with the PNN
method presented by Rohling et al. [29], and after insertion of
the latest captured image, the reconstruction ratio (RR) and
increased ratio (IR) are calculated. The RR is updated imme-
diately to users to provide the quantitative feedback while
IR is used to drive the volume rendering as the IR exceeds
a predefined threshold. The researchers used a module
provided byMedical Imaging Toolkit (MITK) for the render-
ing. The reconstruction and visualization are all performed
on a personal computer. They set the IR threshold to 5% and
achieved a visualization rate of 12.5 frames/s when the size of
the reconstructed volume was 200×200×200 and the B-scan
size was 552 × 274.

To implement the real-time visualization during the data
acquisition and improve reconstruction accuracy, Chen and
Huang [50] proposed a real-time freehand 3D US imaging
system based on Bezier interpolation. Their method com-
putes the incremental volume reconstruction, hole-filling,
and volume rendering on a common GPU. As for the volume
reconstruction, every five newly acquired B-scans are calcu-
lated by 4th-order Bezier interpolation kernel in their cor-
responding allocated device memory and interpolated into
voxels. A C-function which executes the Bezier interpolation
kernel for𝑀 times in parallel by different CUDA threads is
called. To speed up the reconstruction, the block size was set
to 32×32, while each thread processed 4×4 pixels of the image
sequentially to reduce the insertion error. After the incremen-
tal reconstruction, some empty holes may exist. The hole-
filling could be performed on the GPU, with the block grid
set the same as the B-scan image number. In the volume ren-
dering stage, a ray-casting volume rendering is used to render
the 3D volume. Since the computation for composition is
independent, each thread can deal with a subimage rendering
in parallel. With the appropriate arrangement of reconstruc-
tion and rendering, utilizing the parallel computing of GPU
can extremely accelerate the speed of visualization to 191
frames/s when the B-scan size was 302 × 268 and the volume
size was 90 × 81 × 192.

4.2.2. One Scan per Rendering (OSPR). TheOSPR means the
arrangement of rendering the partial volume immediately
after a newly captured B-scan has been inserted into the
volume grid. Its feasibility has been demonstrated.

Ohbuchi et al. [34] developed a system to perform the
rendering immediately after every newly acquired B-scan
was reconstructed into the volume. They selected a finite
3D Gaussian kernel for incremental reconstruction and the
rendering algorithm is an improved image-order, ray-casting
version based on Levoy’s [57]. The rendering method takes
advantage of the incremental nature of the input and only
the voxels in the proximity of the new 2D slice are sampled.
It keeps the result of each incremental ray-sampling in a 3D
array. Also, they reduced the compositing cost by introducing
the idea of tree-structured Hierarchical Ray-Cache (HRC).
The HRC stores the ray samples in its leaves and partially
composites the results in its nonleaf nodes which can be
reused in the compositing procedure. Due to the limited
computational capacity of the workstation, the incremental
reconstruction and rendering algorithmyielded a disappoint-
ing speed of no more than 1 frame/s.

Gobbi and Peters [33] used the Visualization Toolkits
(VTK) to perform the 3D rendering. There were totally 5
threads in a 2 CPU 933MHz Pentium III workstation to per-
form the data acquisition, reconstruction, and visualization.
One threadwaited for the tracking information of the scanner
while the second thread moved each acquired B-scan onto
a stack along with a time stamp. Two threads parallelized
the interpolation of the most recent acquired frame; one
performed the splats for the top half of the video frame and
the other for the bottom half of the frame, and the recon-
struction rate was 20 frames/s for PTL via alpha blending and
12 frames/s for PTL via compounding when the frame size
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was 320 × 240 and the volume size was 256 × 193 × 256. The
main application thread rendered the partially reconstructed
volume. Due to the high computational load on the computer
and the limited process or speed, however, the rendering
refresh rate was just 5Hz.

In order to complete a fully interactive 3D US imaging
system, Dai et al. [49] took advantage of the large number
of parallel executing cores in a modern GPU to accelerate
the incremental volume reconstruction and rendering. In
the reconstruction, each captured B-scan was inserted into
the volume using pixel 3D kernel interpolation in which
the kernel was a 2 × 2 × 2 cube. Numerous threads in the
GPU executed the incremental reconstruction kernel. A C-
function defined in accordance with the NVIDIA Compute
Unified Device Architecture (CUDA) inserted the image in
parallel. Additionally, to avoid parallel insertion errors, each
thread just processed 4×4 pixels of the image in order. In the
volume rendering, they used ray casting to render the volume.
Instead of performing ray casting for the entire display image
every time a newly acquired B-scan was inserted into the
volume. It just casted rays for pixels of the subimage that
comes from the projection of the subvolume whose voxels
were just updated from the most recent interpolation. There
were two main steps to implement the incremental volume
rendering. First, the position and size of the subimage in the
projection imagewere figured out on the host and then sent to
the device memory, that is, the GPUmemory. Second, on the
device, ray-casting kernel was called to update the subimage
where each pixel was processed by a thread. Thanks to the
rational arrangement of reconstruction and rendering and
the powerful parallel computational capacities of the GPU,
the system could provide real-time visualization feedback
(over 25 frames/s) during data harvesting.

The foresaid real-time freehand 3D US imaging system
proposed by Chen and Huang [50] could also take advantage
of SDW interpolation, in which the incremental volume
reconstruction, hole-filling, and volume rendering are calcu-
lated on a common GPU, similar to the Bezier interpolation
method. However, the incremental kernel was called when
every newly acquired scan arrives to perform insertion in
parallel on theGPU.Theblock sizewas 32×32 to obtain a high
speed while each thread managed 4 × 4 pixels of the acquired
images. To avoid the insertion error, each thread processed
all the pixels in the preset spherical neighborhood. Thanks
to the parallel computing of GPU, the 3D volume could be
reconstructed and displayed at 32 frames/s when the acquired
B-scan sizewas 302×268 and the volume sizewas 90×81×192.

4.2.3. OSPR versus MSPR. Since volume rendering needs
a heavy load of computation, it is hard to achieve a real-
time rendering in a common PC. Thus, an interactive 3D
US system is hard to accomplish. However, it is possible to
gain a near real-time effect if we choose a rational rendering
arrangement during data acquisition.TheOSPR arrangement
can achieve amore smooth interactionwith a higher time cost
in rendering [33, 34]. The alternative method, that is, MSPR,
yielding a better trade-off between computational cost and
interactivity, can provide a better feedback [23, 26].Nowadays,
with a rapid development in the computer technology,

the powerful computational capacity and even the mature
parallel computing technique can help in speeding up the
reconstruction and rendering processing. As we can see,
some systems have utilized the parallel technique to achieve
an interactive result. For instance, Dai et al. [49] have made
use of the large amounts of parallel executing cores of GPU
to perform the incremental reconstruction and rendering in
real-time. Therefore it would be better to choose the OSPR
rather than the MSPR arrangement for a fully interactive
effect since GPU is more and more common in standard PCs
andmany of the reconstruction and rendering algorithms can
be easily parallelized.

5. Applications

With the improvements in acquisition techniques, recon-
struction algorithms, renderingmethods, and computerGPU
acceleration approaches, nowadays real-time 3D US imaging
has been inundated in everyday clinical use. The advantages
of simultaneous visualization and flexible operations con-
tribute the expansion in areas of clinical application. Hereon,
several promising clinical applications of real-time 3D US
imaging are discussed.

5.1. Obstetrics. Fetuses remain challenging and difficult to
evaluate due to their random motions, rapid heart rates, and
maternal respiratory. To minimize these artifacts, patients
should hold their breath during the data acquisition of the
fetus. Real-time 3D US imaging enables a quick view of
expected results while scanning and permits setting up or
adjusting the gain while acquiring images. As a result, clini-
cians can react immediately to dynamic changes in fetal
position.

Using a convex transabdominal 3D mechanical probe
(3.5MHz) and surface rendering, a real-time 3D US imaging
is available for fetuses surrounded by sufficient amniotic fluid
in prenatal diagnosis. Abnormalities of fetal face, for example,
micrognathia and cleft lip, can be detected in real-time 3D
US imaging. In addition, real-time 3D US imaging can also
be applied to assist the diagnosis in rib anomalies, fluid
accumulation, and abnormal spine curvature [63]. Utilizing
matrix array transducer allows multimodality, for example,
live xPlane imaging and live 3D surface, to examine the fetal
heart in real-time [64].

5.2. Cardiology. To avoid estimation errors in geometrical
assumptions and illusory displacement of the true boundary
caused by out-of-plane cardiac motion when using tradi-
tional 2D US images, real-time 3D echocardiography was
proposed to entirely visualize the anatomy of the cardiac
chambers.

With the integration of matrix transducers, real-time 3D
echocardiography is increasingly used to quantitatively mea-
sure left ventricular volume and dynamic changes of chamber
volume during the cardiac cycle. It provides functional infor-
mation, for example, blood flow and ejection fractions, to
diagnose ischemic and congenital heart disease [65]. In addi-
tion, using a full volume probe is able to reconstruct large-
range pyramid-shaped 3D images in near real-time [66].
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Transthoracic and transesophageal approaches are both
feasible for real-time 3D echocardiography [67]. Tridimen-
sional myocardial structures can be obtained to exam-
ine anatomic defects. By utilizing stress echocardiography
method, coronary artery disease can also be detected [68].

5.3. Surgical Guidance. Conventional 2D US imaging has
limitation in locating the precise position in an oblique plane.
With the advent of real-time 3D US imaging technique, the
full visualization of the entire tissue with multiple transverse
scans has become available. Making use of matrix array
transducers, the real-time 3D transrectal US can improve the
accuracy of the prostate implant [69].Other interventions, for
example, cryoprobe, which assists in treating prostate cancer
and prostatic hyperplasia, can also take advantage of precise
guidance from real-time 3D US imaging with a mechanical
3D probe in rotational scanning [70].

With the guidance of real-time 3D US imaging, biopsy
is able to definitively diagnose cancer and reduce the psy-
chological trauma in surgery [71]. Real-time 3D US imaging
acquired by a matrix array transducer or a mechanical 3D
probe in rotational scanning and rendered by slice projection
or volume rendering method can assist clinicians to manipu-
late the needle tip to targeted lesion within the breast or nerve
[72].

With the merit of perceived safety, portability, and
dynamic imaging, 3D real-time US is capable of minimizing
the surgical invasion, which facilitates it to be a useful guid-
ance for intraoperative resection of gliomas [72] and brain
tumors [73]. It is also widely utilized for monitoring abdom-
inal radiation therapy [74] as well as regional anesthesia of
femoral nerve [75] and lumbar spine [76].

5.4. Musculoskeletal Tissues. Real-time 3D US imaging can
easily demonstrate anatomical details of small joints which
are undetectable using traditional 2D US imaging and dra-
matically reduce the examination time. These advantages
make real-time 3D US imaging apparently more suitable
for musculoskeletal examination. Due to the variety of size
and location of musculoskeletal structures, the transducer
for 3D musculoskeletal US imaging should be appropriately
selected considering different frequency. Transducers with
high frequency are able to obtain high-resolution images.
However, their penetrance is weaker, making them more
suitable for superficial and small-size structures [77].

With the ability to image articular and periarticular struc-
tures, real-time 3D US imaging is increasingly applied into
diagnosis of rheumatology. The detection of rheumatology
includes bone erosions in small joints, enthesitis, and partial
tear of tendons, which require the demonstrated images with
high quality [78].

Making use of a mechanical localizer and parallel com-
puting reconstruction, the forearm including bones, muscles,
and connective tissues can be clearly visualized in near real-
time [79]. Utilizing the mechanical 3D probes with PBMs,
the 3D anatomy images of lumbar spine can be obtained
and visualized in real-time as guidance in spinal needle
injections. The epidural space and the facet joints are of
significant interest among anatomical features. Using matrix

array transducer can increase the processing speed and
improve the image quality at the same time [80].

5.5. Vascular Imaging. Accurate assessment of vascular char-
acteristics, for example, vessel anatomy and blood flow dis-
tribution, requires imaging technique capable of producing
3D images in real-time [81]. Real-time 3D US has capacity
of not only noninvasively providing the anatomic geometry
for numerical simulation of hemodynamics, but also demon-
strating the dynamic 3D behavior of vessels [82], enhancing
its wide applications in diagnosis of angiosis.

Taking advantage of a mechanical 3D probe or a freehand
convex probe (1–5MHz) combining with amagnetic position
tracker, the measurement of aortic diameter, plaque volume,
and stenosis degree can be implemented for predicting aortic
aneurysm [83].The aortic wall strains, which are indicators of
biomechanical changes caused by aortic aneurysm, can also
be detected by real-time echocardiography [84].

The arterial wall motion and hemodynamics are of great
significance in early diagnosis of carotid atherosclerosis.With
a linear mechanical 3D probe, the wall shear stress which is
considered being related to development of atherosclerosis
can be evaluated accurately [82]. As for blood flow velocity
distribution, Doppler imaging [85] or matrix array transduc-
ers at a high volume rate (4000 volumes/s) [86] are generally
utilized in clinics.

In addition, real-time 3D intravascular US imaging mak-
ing use of an electromagnetic tracking sensor or an optical
positioner enables the precise alignment of endovascular
aortic stent grafting [87] and detection of peripheral blood
vessels for cannula insertion guidance [88].

5.6. Urology. Real-time 3D US has been demonstrated as
a noninvasive alternative to conventional voiding cystoure-
thrography (VCUG), which is an invasive investigation for
diagnosis and treatment monitoring of vesicoureteral reflux
[89, 90]. Using themarker-based trackingmethods, real-time
3D US is capable of navigation in urological surgery [91] and
removing obstructions in urinary flow [92].

Prostate brachytherapy is considered as an effective treat-
ment for early prostate cancer [93]. To confirm the success
of the execution of punctures, the needle should be placed
on the correct positions critically and rapidly [94]. Under
the guidance of the 3D real-time transrectal US, which is
mounted with a micro-magnetic sensor or an optical sensor
[95], the preoperative oncological data as well as surrounding
vital anatomies can be better understood and the precision of
placing needles or catheters into the prostate gland has been
well increased [96]. The same technique can also be applied
to implement prostate biopsy [97] and quantify the prostate
swelling [98].

Besides, real-time 3D US-based virtual cystoscopy imag-
ing can be utilized to detect the bladder cancer recurrence
[99]. Transurethral US (TUUS) imaging method is generally
used in evaluation of the pelvic floor, urethra, detrusor, and
levator ani. It provides useful information in diagnosis of
stress urinary incontinence and etiology of pelvic floor dys-
function.



BioMed Research International 17

6. Conclusions

With the inherent nature of low cost [64] and no radiation,
the capacity of dynamically visualizing the anatomy and
geometry in real-time and user-friendly interaction with
the operators expands the application of real-time 3D US
imaging in clinical examinations increasingly. The main
approaches to accomplishing a real-time US imaging system
are systematically discussed in this review. The technical
details of implementation and comparison among various
approaches provide a guidance to design an appropriate
system for practical use and improve the real-time 3D US
imaging potentially with a higher quality and lower time cost.
The usefulness of the real-time 3DUS has been demonstrated
by a large variety of clinical applications, further indicating
its role and significance in the fields of medical imaging and
diagnosis.
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Fluid-jet-based indentation is used as a noncontact excitation technique by systems measuring the mechanical properties of soft
tissues. However, the application of these devices has been hindered by the lack of theoretical solutions. This study developed a
mathematical model for testing the indentation induced by a fluid jet and determined a semianalytical solution.The soft tissue was
modeled as an elastic layer bonded to a rigid base. The pressure of the fluid jet impinging on the soft tissue was assumed to have
a power-form function. The semianalytical solution was verified in detail using finite-element modeling, with excellent agreement
being achieved. The effects of several parameters on the solution behaviors are reported, and a method for applying the solution to
determine the mechanical properties of soft tissues is suggested.

1. Introduction

Indentation is one of the most commonly used methods to
measure the mechanical properties (e.g., Young’s modulus
and Poisson’s ratio) of biological soft tissues in situ or in
vivo, such as articular cartilage [1, 2], the liver, human skin
[3], and residual limbs [4], as it does not require special
preparation for the specimens. Rigid cylindrical flat-ended or
spherical indenters are often employed in both conventional
and ultrasound indentation-based measurement techniques
[5–9]. Once the loading force has been measured with a
force sensor and the tissue deformation together with tissue
thickness is recorded with an ultrasound transducer (in
ultrasound indentation), Young’s modulus and Poisson’s ratio
of a soft-tissue sample can be calculated from the relationship
reported by Hayes et al. and other investigators [10–12].

However, the direct contact associated with the use of a
stiff mechanical indenter may cause tissue damage, especially
when the tissue has been in the degenerative conditions,
and/or those organs, such as cornea, are not suitable for direct
touch. Therefore, the use of noncontact devices is desirable
whenever possible.

Systems based on fluid-jet-induced indentation have
been developed by many researchers for measuring the
mechanical properties of soft tissues. The key idea of such
systems is to use a fluid jet as an indenter that exerts
a mechanical load on the soft tissues so as to avoid the
shortcomings associated with direct contact between a rigid
measurement instrument and soft tissues. Water and air
are commonly used as the fluid mediums. Duda et al. [13]
developed a device based on water-jet-induced indentation
with optical modality to quantify the cartilage stiffness and
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demonstrated a strong correlation with standard indenta-
tion measurements. However, it cannot provide the tissue
thickness which is a critical parameter to calculate Young’s
modulus of soft tissue from the indentation load-deformation
curve. Lu et al. [14, 15] developed a noncontact indentation
system utilizing the compression induced by a water jet and
high-frequency ultrasound to measure the properties of soft
tissues. They utilized high-frequency ultrasound to measure
the initial thickness and dynamic deformation of tissues
under water-jet loading.Their tests on phantoms showed that
the system was able to quantify the elastic properties of soft
tissues and had the capability for elasticity mapping of the
tissues in a C-scan test. The system has also been employed
to assess degeneration of articular cartilage [1]. Huang and
Zheng [16] further designed a miniaturized water-jet- and
ultrasound-based indentation system. Their results showed
that the indentation system produced results comparable to
those obtained using the conventional one and that it was
able to characterize the integrity of articular cartilage under
arthroscopic control.

Prompted by the inconvenience of water spillage when
using a water jet to induce indentation inside the body,
Huang et al. [17] developed an air-jet-based indentation sys-
tem based on optical coherence tomography for measuring
the mechanical properties of soft tissues. They performed
experiments both on silicone phantoms and on the human
hand in vivo, with the results demonstrating the capacity of
the system to detect biomechanical changes in soft tissues.
The air-jet-based indentation system was subsequently used
by Chao et al. to characterize the biomechanical properties
of the forefoot plantar soft tissue of different ages [18] and to
measure the stiffness of the healing wounds in rat skin [19].
However, they found that the stiffness measured by the air-
jet system differed greatly from those mechanical properties
measured by the tensile testing machine.

Inmost of the above-reviewed researches, a stiffness coef-
ficient (SC) was defined to interpret the loading-deformation
data of the soft tissues:

SC = 𝐹𝑑 ⋅
𝐿0𝐴 , (1)

where 𝐹 is the total force applied on the specimen by the
fluid jet, 𝐴 is the area of the outlet of the fluid nozzle, and𝐿0 and 𝑑 are the initial thickness and deformation of the
specimen, respectively. The definition looks very similar to
the compressive Young’s modulus of soft tissue measured by
unconfined axial compression. However, it should be noted
that the total force in (1)was calculated from the fluid pressure
in the pipe supplying the fluid because the distribution of
the impacting pressure of the fluid jet upon the specimen
is complicated and difficult to measure directly. Moreover,
the deformation of the specimen induced by a fluid jet also
varies spatially across the sample surface, and the sensitivity
depends on the lateral resolution of the ultrasound beam.The
values of 𝑑 and 𝐴 are both ambiguous to some extent, and
hence the calculated stiffness coefficient is essentially only a
nominal value.The relationship among SC, Young’s modulus,
and Poisson’s ratio is also not obvious. In general, obtaining
Young’s modulus and Poisson’s ratio from the indentation

induced by an impinging fluid jet would require a calibration
to be performed based on the conventional contact indenta-
tion. This requirement would be highly inconvenient when
a fluid jet is used to induce indentation in vivo. Therefore,
quantifying the mechanism of soft-material deformation due
to compression caused by an impinging fluid jet will benefit
the application of fluid-jet-induced indentation to clinical
diagnosis.

The classical problem of an elastic half-space indented by
a rigid indenter was investigated using theoretical analysis
and finite-element simulation. Exact solutions in the form
of force-indentation relationships, contact pressure distribu-
tions, and stress and displacement fields exist for axisym-
metric indenter geometries (e.g., cylinder, sphere, and cone)
[12, 20, 21]. The effects of many other parameters, including
friction between the indenter and the soft tissue, model
geometry, substrate deformability, and curvature, on the
calculation of Young’s modulus from indentation response of
soft tissue were also studied [10, 22–25].

From a mathematical point of view, the indentation
induced by contact with a conventional stiff object (e.g.,
cylinder or sphere indenter) differs significantly from that
induced by a fluid jet. In the former, the deformation where
the specimen touches the cylindrical flat-ended or spherical
punch can be easily measured and it is always treated as a
known condition in a theoretical analysis. However, in the
latter, even the deformation of the specimen can bemeasured
by an ultrasound transducer; the distribution of the impact-
ing load applied by the fluid jet is unknown. In fact, the wall
pressure (i.e., the fluid pressure on the surface of specimen)
induced by the fluid jet is greatly affected by the scale (i.e.,
Reynolds number) as well as the boundary conditions (e.g.,
the nozzle geometry and the distance from the nozzle outlet
to the target surface) [26]. Generally, the wall pressure follows
a Gaussian profile for a two-dimensional jet but not for a
three-dimensional jet [27]. Boyer et al. [3] applied classical
contact mechanics to model the wall pressure by a function
with a power form and achieved excellent agreement between
the theoretically calculated pressure and the experimentally
measured pressure on a rigid plate.Their solutions were used
to assess the effects of ageing on the mechanical properties
of skin in vivo with their air-jet-based indentation system.
However, the solutions they used are derived from elastic
materials with infinite thickness, and hence they might not
be valid in most clinical applications where the thickness
of the soft tissues is finite (and sometimes very small). This
means that it is important to determine the analytical solution
for the deformation of elastic materials with finite thickness
compressed by an impinging fluid jet.

This study employed a semianalytical method to solve the
equation describing the indentation induced by a fluid jet.
The soft tissue was assumed to be a homogeneous, isotropic
elastic layer with finite scale in thickness and infinite size in
extent. It was overlaid on a rigid foundation.Thewall pressure
was modeled by a power-form function as reported by Boyer
et al. [3]. To validate the solutions, finite-element modeling
(FEM) was performed using a static structural module in the
ANSYS software. The results of the analytical solutions and
FEM were compared in detail.
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Figure 1: Schematic diagram of the deformation of an elastic layer
under an axisymmetrically distributed load.

2. Mathematical Analysis

For homogeneous, isotropic materials, when the body forces
and inertial effects are neglected and the deformation is small,
the equilibrium equations of the linear theory of elasticity can
be expressed in terms of the displacement vector as

(1 − 2]) ∇2u + ∇ (∇ ⋅ u) = 0, (2)

where u is the displacement vector, ] is Poisson’s ratio of soft
tissue, and ∇ is the gradient operator.

Considering the equilibrium of an infinite elastic layer
with thickness ℎ adhering to an immovable rigid base, the
layer deformation under an axisymmetrically distributed
load from the impingement of a circular fluid jet is axisym-
metric and so can be analyzed in a cylindrical coordinate
system. A schematic diagram of this problem is shown in
Figure 1.

The considered problem can be solved conveniently by
using the Boussinesq-Papkovich potential functions for the
components of the displacement vector; that is,

2𝐺𝑢𝑟 = − 𝜕𝜕𝑟 [Φ0 + 𝑧Φ1] ,
2𝐺𝑢𝑧 = −𝜕Φ0𝜕𝑧 − 𝑧

𝜕Φ1𝜕𝑟 + (3 − 4]) Φ1,
(3)

where 𝐺 = 𝐸/2(1 + ]) is the elastic shear modulus,𝐸 is Young’s modulus, (𝑟, 𝜃, 𝑧) are the radial, tangential,
and axial coordinates in a cylindrical coordinate system,(𝑢𝑟, 0, 𝑢𝑧) are the radial, tangential, and axial components
of the displacement vector, respectively, and Φ0 and Φ1 are
harmonic functions, which are written in the form

Φ0 = ∫
∞

0

[𝐴 (𝜆) 𝑠ℎ𝜆 (ℎ − 𝑧) + 𝐵 (𝜆) 𝑐ℎ𝜆 (ℎ − 𝑧)]
⋅ 𝐽0 (𝜆𝑟) 𝑑𝜆,

Φ1 = ∫
∞

0

[𝐶 (𝜆) 𝑠ℎ𝜆 (ℎ − 𝑧) + 𝐷 (𝜆) 𝑐ℎ𝜆 (ℎ − 𝑧)]
⋅ 𝐽0 (𝜆𝑟) 𝑑𝜆,

(4)

where A, B, C, and 𝐷 are functions of 𝜆 to be determined,𝐽0(𝜆𝑟) is the Bessel function of the first kind of order zero, and

axial-direction coordinate 𝑧 in the elastic layer ranges from 0
to h.

The normal and tangential stress components are given in
terms of the potentials as

𝜎𝑧𝑧 = 2 (1 − ]) 𝜕Φ1𝜕𝑧 −
𝜕2Φ0𝜕𝑧2 − 𝑧

𝜕2Φ1𝜕𝑧2 ,
𝜎𝑟𝑧 = 𝜕𝜕𝑟 [(1 − 2]) Φ1 −

𝜕Φ0𝜕𝑧 − 𝑧
𝜕Φ1𝜕𝑧 ] .

(5)

The elastic layer is indented on by a prescribed normally
distributed load at the surface and the layer adheres to
an immovable rigid base, and so the following boundary
conditions apply:

(a) At the surface, z = 0:
𝜎𝑧𝑧 = 𝑝 (𝑟) ,
𝜎𝑟𝑧 = 0,

(0 ≤ 𝑟 ≤ ∞) ,
(6)

where 𝑝(𝑟) is a prescribed load function of radial
coordinate, r.

(b) At the bottom, z = h:
𝑢𝑟 = 𝑢𝑧 = 0, (0 ≤ 𝑟 ≤ ∞) . (7)

By using (3)–(5) and boundary conditions (6) and (7) and
following the same procedures as described by Hayes et al.
[12], the following integral equation can be obtained:

∫∞
0

𝐶 (𝜆) 𝐽0 (𝜆𝑟) 𝑑𝜆 = 𝑝 (𝑟) , (0 ≤ 𝑟 ≤ ∞) . (8)

The axial component of the displacement at the layer
surface (𝑧 = 0), which is a parameter of interest in many
situations, can be given by
𝐺
1 − V𝑢𝑧 (𝑟, 0) = ∫

∞

0

𝐶 (𝜆)𝑀 (𝜆) 𝐽0 (𝜆𝑟) 𝑑𝜆,
(0 ≤ 𝑟 ≤ ∞) ,

(9)

where

𝑀(𝜆) = 1𝜆 [
(3 − 4]) 𝑠ℎ (𝜆ℎ) 𝑐ℎ (𝜆ℎ) − 𝜆ℎ

(𝜆ℎ)2 + 4 (1 − ])2 + (3 − 4]) 𝑠ℎ2 (𝜆ℎ)] . (10)

When𝑝(𝑟) is known, (8)may be used to determine𝐶(𝜆),
and then displacement 𝑢𝑧 at the layer surface (z = 0) can be
obtained using (9).

In practical applications, it is convenient to introduce
the dimensionless variables 𝛼 = 𝜆ℎ and 𝑟 = 𝑟/ℎ. After
nondimensionalizing the load function by an appropriate
constant 𝑃 as 𝑝(𝑟) = 𝑝(𝑟)/𝑃, (8) and (9) become

∫∞
0

𝑄 (𝛼) 𝐽0 (𝛼𝑟) 𝑑𝛼 = 𝑝 (𝑟) , (0 ≤ 𝑟 ≤ ∞) , (11)

𝐺
1 − V

𝑢𝑧 (𝑟, 0)
ℎ𝑃 = ∫∞

0

1
𝛼𝑄 (𝛼)𝑀 (𝛼) 𝐽0 (𝛼𝑟) 𝑑𝛼,

(0 ≤ 𝑟 ≤ ∞) ,
(12)
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where

𝑄 (𝛼) = 𝐶 (𝜆)ℎ𝑃 ,
𝑀 (𝛼) = (3 − 4]) 𝑠ℎ𝛼𝑐ℎ𝛼 − 𝛼

𝛼2 + 4 (1 − ])2 + (3 − 4]) 𝑠ℎ2𝛼.
(13)

In the study of Boyer et al. [3], the pressure of an
impinging circular fluid jet was modeled by a function of the
power form

𝑝 (𝑟) = {{{
𝑝0𝑎−2(𝑚−1/2) (𝑎2 − 𝑟2)𝑚−1/2 (0 ≤ 𝑟 < 𝑎) ,
0 (𝑟 ≥ 𝑎) , (14a)

where 𝑎 is the radius of the area over which jet is impinging,𝑝0 is the pressure at the center point of that area, and 𝑚
is an integer. These three parameters depend on the nozzle
geometry, the Reynolds number of the fluid jet, and the
distance between the nozzle outlet and the tissue surface.
There are two reasons why this form of pressure distribution
was chosen: (i) this distribution fits the pressure of an
impinging circular fluid jet with acceptable accuracy and
(ii) according to Boussinesq theory there exist analytical
solutions for the deformation of an elastic half-space under
this form of load [28].

As mentioned above, function (14a) is convenient for
deriving the analytical solution for the deformation of an
elastic half-space (with infinite thickness), but it is not
convenient for the deformation problem of an elastic layer
with finite thickness. To derive the analytical solution for
the deformation of an elastic layer, the pressure function is
modified slightly as

𝑝 (𝑟) = {{{
𝑝0𝑎−2(𝑚−1) (𝑎2 − 𝑟2)𝑚−1 (0 ≤ 𝑟 < 𝑎) ,
0 (𝑟 ≥ 𝑎) . (14b)

Integer 𝑚 may in general be sufficiently large (e.g., m ≥ 28)
[3] for the difference between (14a) and (14b) to be small.
Figure 2 shows the fitted curves based on (14a) and (14b) and
the experimental data that correspond to the case with a flow
rate of 20 Ln/min and a = 8mm [3].The figure illustrates that
the difference is acceptably small.

Introducing the dimensionless variable 𝑟 = 𝑟/ℎ, (14b)
becomes

𝑝 (𝑟)

=
{{{{{{{
𝑝0 (ℎ𝑎)

2(𝑚−1) [(𝑎ℎ)
2 − 𝑟2]𝑚−1 = 𝑃𝑝 (𝑟) , (0 ≤ 𝑟 < 𝑎ℎ) ,

0 (𝑟 ≥ 𝑎ℎ) ,
(15)

where

𝑃 = 𝑝0 (ℎ𝑎)
2(𝑚−1) ,

𝑝 (𝑟) = [(𝑎ℎ)
2 − 𝑟2]𝑚−1 , (0 ≤ 𝑟 < 𝑎ℎ) .

(16)
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Figure 2: Comparison of the fitted curves and experimental data
[3].

Using the Heaviside unit step function [29], namely,

𝐻(𝑎ℎ − 𝑟) =
{{{{{
1 (0 ≤ 𝑟 < 𝑎ℎ)
0 (𝑟 ≥ 𝑎ℎ) ,

(17)

and inserting (16) into (11) yield

∫∞
0

𝑄 (𝛼) 𝐽0 (𝛼𝑟) 𝑑𝛼

= [(𝑎ℎ)
2 − 𝑟2]𝑚−1𝐻(𝑎ℎ − 𝑟) .

(18)

Letting 𝑄(𝛼) = 𝑄(𝛼)/𝛼, (18) becomes

∫∞
0

𝛼𝑄 (𝛼) 𝐽0 (𝛼𝑟) 𝑑𝛼

= [(𝑎ℎ)
2 − 𝑟2]𝑚−1𝐻(𝑎ℎ − 𝑟) .

(19)

Using theHankel integral transform [29],𝑄(𝛼) can be solved
as

𝑄 (𝛼) = 2(𝑚−1)Γ (𝑚) (𝑎ℎ)
𝑚 𝛼−𝑚𝐽𝑚 (𝑎ℎ𝛼) , (20)

and then

𝑄 (𝛼) = 𝛼𝑄 (𝛼) = 𝛼2(𝑚−1)Γ (𝑚) (𝑎ℎ)
𝑚 𝛼−𝑚𝐽𝑚 (𝑎ℎ𝛼) , (21)

where Γ(𝑚) = (𝑚−1)! is the factorial function and 𝐽𝑚((𝑎/ℎ)𝛼)
is the Bessel function of the first kind of orderm.
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Inserting (21) into (12) and rearranging it yield

𝑢𝑧 (𝑟, 0) = 𝑝0ℎ (1 − ]
2)

𝐸 𝐹(V, 𝑚, 𝑎ℎ , 𝑟) ,
(0 ≤ 𝑟 ≤ ∞) ,

(22)

where

𝐹(V, 𝑚, 𝑎ℎ , 𝑟) = (
𝑎
ℎ)
2−𝑚 2𝑚Γ (𝑚)

⋅ ∫∞
0

1
𝛼𝑚𝑀 (𝛼) 𝐽𝑚 (

𝑎
ℎ𝛼) 𝐽0 (𝛼𝑟) 𝑑𝛼.

(23)

This equation is a function of Poisson’s ratio ], fitted integer
m, the ratio of the radius of the area over which the jet
is impinging to the thickness of the elastic layer (a/h), and
dimensionless radius 𝑟. Equation (22) indicates that the axial
displacement is proportional to the pressure at the center
point of the fluid jet and inversely proportional to Young’s
modulus of the elastic layer, while it varies nonlinearly with
other quantities. The infinite integral on the right-hand side
of (23) includes the product of two Bessel functions of the
first kind with different orders, and it can be integrated
numerically using the adaptive Gaussian quadrature [30].
However, we found that if the Bessel functions are calculated
sufficiently accurately, Gauss-Laguerre quadrature is also
sufficiently accurate and efficient when 𝑚 is not too small
(e.g.,m > 3) because the integrand in the infinite integral goes
rapidly to zero as the argument increases.

The Bessel function can be calculated using its integral
representation

𝐽𝑚 (𝑥) = 1𝜋 ∫
𝜋

0

cos (𝑚𝜃 − 𝑥 sin 𝜃) 𝑑𝜃. (24)

This integral can be calculated usingGauss-Legendre quadra-
ture. However, the integral will be unstable when 𝑚 is large
(e.g., m > 10) for small x, leading to an incorrect value of the
infinite integral on the right-hand side of (23), which is also
calculated using Gauss-Laguerre quadrature. Alternatively,
the Bessel function can be calculated using its infinite-power-
series expansion form

𝐽𝑚 (𝑥) = 1
Γ (𝑚 + 1) (

𝑥
2)
𝑚

⋅ [1 − 𝑍1 (1 − 𝑍2 (1 − 𝑍3 (1 − ⋅ ⋅ ⋅)))] ,
(25)

where

𝑍𝑘 = 1
𝑘 (𝑘 + 𝑚) (

𝑥
2)
2 , (𝑘 = 1, 2, 3, . . .) . (26)

The Bessel function calculated using (25) is stable when 𝑚
is large and 𝑥 is small, but it may be incorrect for large 𝑥
because in practice only finite terms can be considered, so
that the truncation error becomes nonnegligible with large 𝑥.
Additionally, it is also limited by the machine precision when𝑚 and 𝑥 are both large due to the presence of xm term.

r

z

h

a

10a

p(r) Free

Free
Fixed

Axis

Figure 3: Geometry and boundary conditions for finite-element
modeling (FEM).

We used a combination algorithm to calculate Bessel
function 𝐽𝑚(𝑥); namely, (25) with 50 terms was used for 𝑥 ≤𝑚/2, while (24) with Gauss-Legendre quadrature was used
for 𝑥 > 𝑚/2. It was found that this combination algorithm
works well over wide ranges of the values of 𝑚 and x, and it
was sufficiently accurate for our purposes.

In applications involving using a fluid jet to apply inden-
tation on an elastic layer, the maximum axial displacement,
which generally occurs at the center point on the layer surface(𝑟 = 0; 𝑧 = 0), is more useful and easier to obtain by
various measurement techniques, such as ultrasound, optical
coherence tomography, and other contactmethods. Using the
property of 𝐽0(0) = 1, it can be derived that

𝑢𝑧max = 𝑢𝑧 (0, 0) = 𝑝0ℎ (1 − ]
2)

𝐸 𝜅 (V, 𝑚, 𝑎ℎ) , (27)

where

𝜅 (V, 𝑚, 𝑎ℎ)
= (𝑎ℎ)

2−𝑚 2𝑚Γ (𝑚)∫∞
0

1
𝛼𝑚𝑀 (𝛼) 𝐽𝑚 (

𝑎
ℎ𝛼) 𝑑𝛼

(28)

is a scaling factor that depends on Poisson’s ratio of the elastic
layer ], fitted integerm, and aspect ratio a/h.

3. Finite-Element Modeling

To verify the validity of the analytical solutions obtained
above, an axisymmetric finite-element model was established
using a static structural module in ANSYS. The material
was assumed to be linear, homogeneous, and isotropic (with
constant Young’s modulus and Poisson’s ratio), and both the
deformation and strain were assumed to be small. Themodel
geometry and boundary conditions are shown in Figure 3.
The computational domain is a rectangle with dimension 10a
in the radial direction and ℎ in the axial direction. The left
side of the domain is an axis boundary, the bottom side has
a fixed boundary, a normal pressure according to (14b) acts
upon the top surface at 0 ≤ r ≤ a, and the other boundaries
are free. Since the stresses aremuch larger near a contact point
[3], distance 10a is sufficiently far from the lateral boundary
condition to ensure that its effects can be neglected.

Block-meshing technology was applied to ensure the
accuracy of the FEM and reduce the computational costs.
Uniformly distributed meshes with a grid size of 0.01a were
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Figure 4: Axial displacements at the surface (z = 0) from the
analytical solution and FEM, where r = r/h.

applied in the radial direction at 0 ≤ r ≤ a, and bias-type
distributedmeshes with a bias factor of 30 and a total number
of 200 were used elsewhere. Uniform meshes with a grid size
of 0.01a (the total number of meshes varied with the layer
thickness, h) were used in the axial direction. It was verified
that mesh-independent solutions were obtained when using
this mesh density.

4. Results and Discussion

This section analyzes the solution of the model described
above and discusses its applications in a fluid-jet-based
indentation system. To facilitate our analyses, we decided to
select one case as a base for further comparisons.The param-
eters for this case were as follows, which were comparable
with those experimental values from the ultrasound water-
jet indentation system [14]: thickness of the elastic layer (h),
0.004m; radius of the area of the impinging fluid jet (a),
0.01m; Young’s modulus (E), 1.0 × 106 Pa; and Poisson’s ratio
(]), 0.3.The pressure at the center point (𝑝0) was 2.0 × 104 Pa,
and fitted integer𝑚 was 30.

The axial displacements at the surface (z = 0) obtained
from the analytical solution using (22) and FEM are com-
pared in Figure 4. It is obvious that excellent agreement was
achieved.

To further verify the validity of the analytical solutions,
more cases were calculated with a wide range of param-
eters. For simplicity, we report here only the maximum
axial displacement, 𝑢𝑧max. Equation (27) indicates that the
relationships among 𝑢𝑧max, 𝑝0, and𝐸 are very simple; namely,𝑢𝑧max is proportional to 𝑝0 and inversely proportional to 𝐸.
However, the relationships among 𝑢𝑧max, a, h, m, and ] are
complex and need to be considered inmore detail. Table 1 lists

the values of 𝑢𝑧max computed using (27) and simulated using
FEMwith constant a= 0.01m and different h,m, and ] values.
The table indicates that the analytical solutions agree very
well with results from FEM over a wide range of parameters.
Generally, the difference between analytical and simulated
results increases with increasing fitted integer𝑚 and Poisson’s
ratio ] and decreasing ℎ. The maximum difference was no
more than 0.07%, which occurred for h = 0.001m, m = 40,
and ] = 0.5.

To show how different parameter values affect the axial
displacements, the nondimensional indentation, defined as
the ratio of the nondimensional maximum axial displace-
ment to nondimensional pressure (𝑢𝑧max/h)/(𝑝0/E) [12], is
plotted against a/h for different 𝑚 and ] values in Figure 5.
It is obvious from the figure that when the aspect ratio (a/h)
is small, the indentation varies markedly with this ratio,
whereas Poisson’s ratio has no significant effect. In contrast,
when the aspect ratio is large, Poisson’s ratio has a marked
effect, while the aspect ratio has only a slight effect. It can
be predicted that the indentation for each Poisson’s ratio will
tend to a limit as the aspect ratio increases, because this
is similar to the problem of a thin layer being compressed
by a large indenter, which means that the edge effects
will be negligible. The indentations have similar features
irrespective of the value of 𝑚. For small Poisson’s ratios,
the indentation increases with a/h, while for large Poisson’s
ratios the indentation first increases and then decreases as a/h
increases further.

In fluid-jet-based indentation applications, (27) can be
used to calculate Young’smodulus. Rearranging that equation
yields

𝐸 = 𝑝0ℎ (1 − ]
2)

𝑢𝑧max
𝜅 (V, 𝑚, 𝑎ℎ) , (29)

where parameters𝑝0, a, and𝑚 only depend on characteristics
of the fluid-jet instrument, namely, the nozzle geometry, the
Reynolds number of the fluid jet, and the distance from the
nozzle outlet to the target surface. These characteristics can
be determined before the indentation tests are performed
through mechanical measurements. Tissue thickness ℎ can
also be measured before indentation tests using ultrasound
nondestructively or a needle punch which is a destructive
method after indentation. Poisson’s ratio of soft tissue is
often considered to be constant in indentation tests or can
be measured by ultrasound or mechanical methods [14].
The maximum axial displacement at the surface of the
elastic layer, 𝑢𝑧max, can be recorded during the tests by
various approaches such as spatial sensors or ultrasonically.
Knowledge of these parameters allows scaling factor 𝜅 to
be calculated using (28), and then Young’s modulus of the
material can be calculated directly using (29).

Most soft tissues, such as articular cartilage, liver, and
human skin, are viscoelastic materials, and so, in general,
dynamic analysis should be used. However, as predicted by
Hayes et al. [12], the theory based on elastic materials can
be used in some limited cases, such as in creep tests, to
predict the instantaneous elastic response under a step load.
With the closed-form solution (e.g., the scaling factor) in the
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Table 1: Maximum axial displacement (𝑢𝑧max, ×10−5m) values obtained from the analytical solution and FEM with different parameters.

h (m)
] 0.001 0.01 0.02

Analytical FEM Analytical FEM Analytical FEM
m = 10

0.1 1.9303 1.9301 8.8642 8.8638 10.019 10.019
0.2 1.7795 1.7794 8.5055 8.5052 9.6679 9.6677
0.3 1.5035 1.5034 7.9206 7.9202 9.0892 9.0890
0.4 1.0574 1.0573 7.0899 7.0895 8.2731 8.2730
0.5 0.3691 0.3690 5.9795 5.9791 7.2017 7.2016

m = 20
0.1 1.8959 1.8955 6.6904 6.6899 7.2850 7.2847
0.2 1.7529 1.7525 6.4408 6.4403 7.0400 7.0398
0.3 1.5021 1.5017 6.0317 6.0313 6.6354 6.6351
0.4 1.1104 1.1102 5.4532 5.4527 6.0660 6.0657
0.5 0.5261 0.5259 4.6875 4.6871 5.3227 5.3225

m = 30
0.1 1.8602 1.8597 5.6252 5.6247 6.0257 6.0255
0.2 1.7247 1.7242 5.4230 5.4425 5.8269 5.8267
0.3 1.4924 1.4920 5.0909 5.0904 5.4981 5.4978
0.4 1.1366 1.1362 4.6219 4.6214 5.0357 5.0354
0.5 0.6153 0.6149 4.0043 4.0038 4.4338 4.4334

m = 40
0.1 1.8250 1.8244 4.9577 4.9572 5.2598 5.2595
0.2 1.6963 1.6957 4.7835 4.7830 5.0882 5.0879
0.3 1.4788 1.4783 4.4969 4.4963 4.8041 4.8038
0.4 1.1498 1.1493 4.0926 4.0920 4.4050 4.4046
0.5 0.6732 0.6727 3.5617 3.5611 3.8861 3.8857

present analysis, a parametric analysis of the tests of fluid-jet-
induced indentation can be easily carried out. Unfortunately,
direct comparisons between the present theory and the
experimental measurements reported in the literature [3,
13, 14, 17] are not possible, since the effects of applying a
distributed pressure to the specimen surface using a fluid jet
have not beenmeasured. Future studies should investigate the
behaviors of fluid jets and their effects on soft tissues.

5. Conclusions

To measure or image the mechanical properties of tissues
has been attracting increasing research efforts during the
recent decades.The stiffness of soft tissues may change under
different pathologic situations, such as sclerosus cancer,
edema, degeneration, fibrosis [31]. Normal tissues may also
have different stiffness, which is important information for
tissue characterization. The mechanical properties of tissues
can have different values depending on whether they are
measured in vivo or in vitro and in situ or as an excised
specimen [32, 33]. During recent decades, ultrasound tech-
niques together with compression, vibration, or indentation
have been successfully used for the measurement or imaging
of the mechanical properties of soft tissues, especially for the
musculoskeletal tissues [34–39].

Our group previously developed a noncontact ultrasound
indentation system for quantitative measurement of tissue
stiffness [14]. The advantage of this technique is that it
utilized water jet as a “soft indenter” instead of a rigid
indenter to compress the soft tissue so as to avoid potential
damage caused by a rigid indenter which may result in stress
concentration at the edge of the indenter [10]. However,
the loading during the water-jet indentation is not easy to
measure directly; therefore the intrinsic Young’s modulus of
soft tissue cannot be derived during the water-jet ultrasound
indentation, which hinders the application of this technique.

In this study, a mathematical model for testing fluid-jet-
induced indentation has been developed, and its semiana-
lytical solution was determined. After detailed verification
with FEM was carried out, the effects of altering the values
of several parameters on the solution behavior were further
analyzed. The following conclusions can be drawn from the
results obtained:

(1) The axial displacement of the elastic layer, 𝑢𝑧, is
proportional to the pressure at the center point
of the fluid jet, 𝑝0, and inversely proportional to
Young’s modulus of the elastic layer, E, while it varies
nonlinearly with other quantities.

(2) When a/h is small, Poisson’s ratio has only a slight
effect on the nondimensional indentation; however,
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Figure 5: Nondimensional indentation versus aspect ratio for different Poisson’s ratios with𝑚 values of (a) 10, (b) 20, (c) 30, and (d) 40.

when a/h is large, Poisson’s ratio has a significant
effect.

(3) Parameters 𝑝0, a, m, h, and ], can be determined
before performing tests of fluid-jet-induced inden-
tation. Combining with 𝑢𝑧max recorded during the
indentation tests, Young’smodulus ofmaterials can be
calculated directly by the analytical solution. It should
be noted that the pressurized area a would need
to be determined beforehand for various injection
velocities and separation distance. In this study, it is
assumed to be the same as the radius of the fluid-
jet nozzle, ranging from 1.5mm to 2mm, based on
our previous experimental experiences. We usually
keep the distance between the fluid-jet nozzle and
the tissue surface at around 5mm, and the injection
velocity changes from 0 to 15m/s within 1 second

for an indentation test on soft tissue. However, the
pressurized area 𝑎 would be largely different from the
nozzle radius when the nozzle is far from the tissue
surface, especially when the injection velocity is low.

It wound be of interest to comment on the tissue model
used in our analysis.The soft tissue in this study wasmodeled
as a thin layer of linear elastic, homogeneous, and isotropic
material bonded to a rigid fixed substrate to simulate the
boundary conditions of articular cartilage. However, the
nonlinear and viscoelastic properties of soft tissues have not
been addressed. Furthermore, instead of single-phase model
to describe the soft tissue, the nonlinearity and viscoelasticity
of soft tissues have been investigated using biphasic and
triphasic models [40, 41]. In these models, the intrinsic fluid
load support during indentation has been verified during
the indentation by a rigid indenter. Whether the fluid-jet



BioMed Research International 9

indentation would have significant effect on the soft tissue
when the soft tissue is modeled as multiphasic material is a
critical issue to be further analyzed.
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Objective. The aim of this study was to compare the efficacy of ultrasound-guided deep cervical plexus block with fluoroscopy-
guided deep cervical plexus block for patients with cervicogenic headache (CeH). Methods. A total of 56 patients with CeH were
recruited and randomly assigned to either the ultrasound-guided (US) or the fluoroscopy-guided (FL) injection group. A mixture
of 2–4mL 1% lidocaine and 7mg betamethasone was injected along C2 and/or C3 transverse process. The measurement of pain
was evaluated by patients’ ratings of a 10-point numerical pain scale (NPS) before and 2wks, 12 wks, and 24wks after treatments.
Results. The blocking procedures were well tolerated. The pain intensity, as measured by NPS, significantly decreased at 2 wks after
injection treatment in both US and FL groups, respectively, compared with that of baseline (P < 0.05). The blocking procedures
had continued, and comparable pain relieving effects appeared at 12 wks and 24wks after treatment in both US and FL groups.
There were no significant differences observed in the NPS before and 2wks, 12 wks, and 24wks after treatment between US and FL
groups. Conclusions. The US-guided approach showed similar satisfactory effect as the FL-guided block. Ultrasonography can be
an alternative method for its convenience and efficacy in deep cervical plexus block for CeH patients without radiation exposure.

1. Introduction

Cervicogenic headache (CeH) is a common diagnosis for
patients with unilateral referred pain to the head from
the upper cervical spine [1]. The prevalence of CeH has
been estimated at up to 20% among patients with chronic
headaches [2]. Treatment strategies for CeH are wide and
varied, such as medication, physical therapy, acupuncture,
manipulation, transcutaneous electrical nerve stimulation,
pulsed radiorefrequency, injections, and surgery [3, 4]. The
majority of patients preferred to choose the noninvasive
strategies, including physical and manual therapies, activity
modification, and various medication trials before consider-
ing anesthetic blocks [1, 2, 5–7]. There is an ongoing need for
evidences of long-term effect and high-quality randomized
controlled trail investigations for these strategies.

The C2-C3 zygapophysial and atlantoaxial joints are
believed to be primary causes for CeH and the C2 nerve

may be more susceptible to injury by aseptic inflammation
or compression than the other structures [3]. Thus, several
local anesthetic techniques have been used in treating CeH,
including occipital nerve blocks, cervical facet joint blocks,
and cervical epidural injections [8–11]. Real time fluoroscopy
imaging guidance is frequently required to ensure correct
needle placement [12–14]. However, repeated exposure to
radiation is a great threat to the health of physicians. Ultra-
sound-guided injections have been described recently in the
literatures, and the absence of radiation exposure, equipment
affordability, and bedside setting are advantages of ultra-
sonography compared with traditional radiological imaging
[15–18].

The objective of this study was to evaluate the efficacy
of ultrasound-guided deep cervical plexus block for patients
with CeH in comparison with fluoroscopy-guided block
through a prospective, randomized, single-blind clinical trial.
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Figure 1: (a) The position of the patient. (b) Transverse ultrasound view of C2 spinal process (SP), spinal canal (SC), and vertebral lamina
(VL).

2. Materials and Methods

There were 84 eligible patients with CeH and 60 patients par-
ticipated in this randomized, single-blind study. They were
enrolled and then randomly assigned into two groups accord-
ing to a random number table and underwent ultrasound-
guided (US, 𝑛 = 30) or fluoroscopy-guided (FL, 𝑛 = 30)
C2 and/or C3 transverse process injection, respectively, in the
pain center of Sun Yat-sen Memorial Hospital from July 2011
to January 2014. The study was approved by our university
and all patients gave informed consent before this study.

The patients had experienced screening that included
medical history and physical examination followed by X-
ray, CT scan, or MRI of the cervical spine. All patients were
diagnosed with CeH according to the diagnostic criteria of
Sjaastad et al. [19]: (1) unilateral or bilateral pain starting in
the neck and radiating to the frontotemporal region, (2) pain
aggravated by neck movement, (3) restricted cervical range
of motion, (4) joint tenderness in at least one of the joints of
the upper cervical spine (C2-C3), and (5) headache frequency
of at least 1 per week over a period greater than 3 months.
In this study, we chose the patients with unilateral pain. Our
exclusion criteria included (1) pathologic fracture, cancer, and
other diseases of the cervical vertebra, (2) headache caused by
nervous system diseases, or other factors.

2.1. US-Guided Blockade Procedures. The patients were
placed in sitting position with the neck bending forward
and the head was supported (Figure 1(a)). The selection of
the site for injection was determined by first having the
patient identify the more painful side [8, 11]. An Esaote
MyLab60 (Esaote, Italy) ultrasoundmachine equippedwith a
multifrequency linear probe (4–13MHz) was used. The skin
was prepared with betadine and draped in the usual sterile
fashion at the region of injection. The ultrasound probe was
also sterilized with betadine. On the transverse section, the
spinal process of C2 or C3 was identified on the ultrasound
image (Figure 1(b)). Then, the probe was moved laterally
from midline and the posterior elements, including layers

TP

VA
CA

Figure 2: Transverse ultrasound view of C2 transverse process (TP),
vertebral artery (VA), and carotid artery (CA) (left side).

of muscle, lamina, interlaminar space, facet joint, C2 or C3
transverse process, and vertebral artery that were identified
on the transverse sonograms at the same level (Figure 2).
A 22-gauge 3.5-inch spinal needle was inserted to C2 or C3
transverse process (Figures 3(a) and 3(b)). When the needle
reached the bone, after negative aspiration, total 2–4mL of
1% lidocaine with 7mg of betamethasonewas injected in slow
speed while maintaining communication and questioning of
the patient to ensure that the needle was not intravascular or
intrathecal. If the headache was unilateral in nature, the block
was performed only on the affected side (C2 and/or C3). If
necessary, the patients would receive the second injection in
one-week interval after the first injection.All procedureswere
performed in the same fashion by C. M and HY. Y.

2.2. FL-Guided Blockade Procedures. The patients were
placed in supine and, using external landmarks, the C2 or C3
spinal process was identified on the lateral view (Figure 4).
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Figure 3: (a) Ultrasound-guided C2 transverse process block (left side). (b) The needle is targeted just lateral to the transverse process (TP)
(left side).

Figure 4:TheC2 or C3 spinal process is identified on the lateral view
under fluoroscopy guidance with external landmarks.

After routine skin preparation and sterilization, a 22-gauge
3.5-inch spinal needle was inserted into the lateral recess of
C2-C3 and its position was confirmed in the AP and lateral
projections (Figure 5). All procedures were performed by the
same physician Q. W. In one week at the return visit, the
physician applied the second block treatment if necessary,
depending on the symptom of patients.

2.3. Outcome Assessment. The measurement of pain was
evaluated by patients’ ratings of a 10-point numerical pain
scale (NPS, from 0, no pain, to 10, the worst pain). Pain
was assessed before the injection and the return visit was
conducted in 2 weeks after treatment to exclude any major
complications. All the patients were followed up at 12-week

Figure 5: The position of needle is confirmed in the lateral
projection.

and 24-week intervals with telephone consultation and visits
to the pain clinic.

2.4. Data Analysis. The pain intensities were measured on
a 0–10 NPS. The characteristics of the US and FL groups
such as sex, age, and duration of pain were compared by
the 𝜒2 test and Mann–Whitney 𝑈 method. At each time
point of injection, the NPS was compared by repeated-
measures analysis of variance, and the Bonferroni correction
was conducted for post hoc comparison. Statistical analysis
was carried out using SPSS 16.0 (SPSS Inc., Chicago, IL,USA).
Values are expressed as means ± SD and a P value of less than
0.05 was considered to be statistically significant.
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Figure 6: Schematic presentation of participant flow.

3. Results

3.1. Patient Characteristics. A total of 84 consecutive patients
were assessed for eligibility during this study, with 60 of them
being enrolled and 54 patients completing the study. A flow
diagram with patient selection and follow-up is presented in
Figure 6. In US group, two patients lost track in the follow-
up and the other patients (𝑛 = 28, 7 males and 21 females)
completed the injection and 12 patients received the second
injection treatment. In FL group, one patient chose other
noninvasive interventions and three patients were lost in the
follow-up because of refusal to radiation exposure; a total of
26 patients (5 males and 21 females) completed this study and
one-half of them received the second block. The patients had
comparable pain duration for 10.06 ± 3.47 months as that
of US group. The majority of location of the block was the
C2 transverse process (71.43% in US group and 80.77% in
FL group). The demographic data of patients are present in
Table 1.

3.2. Treatment Effects between the Approaches. The blocking
procedures were tolerable for all the patients during the treat-
ment. However, 3 patients in US group felt dizzy immediately
after injection; the symptomdisappearedwhen they lay down

Table 1: General characteristics of the patients.

US (𝑛 = 28) FL (𝑛 = 26) P
Age 49.2 ± 10.3 47.6 ± 9.7 0.419
Gender 0.747
Male 7 5
Female 21 21

Duration (mos) 9.35 ± 3.68 10.06 ± 3.47 0.725
Pain side 0.781
Left 10 11
Right 18 15

Number of injections 0.785
1 16 13
2 12 13

Injection position 0.530
C2 20 21
C3 8 5

on the bed for several minutes. A total of 4 patients (2 in US
group and 2 in FL group) complained of neck and shoulder
uncomfortableness. None of the patients in this study had
any treatment-related severe complications. There were 25
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Table 2: Comparison of the NRS before and after treatment.

US FL
Baseline 7.61 ± 1.12 7.50 ± 1.06
2wks 3.45 ± 0.54a 3.40 ± 0.58a

12 wks 2.41 ± 0.62a,b 2.39 ± 0.68a,b

24wks 2.36 ± 0.56a,b 2.43 ± 0.59a,b
aSignificantly different from the baseline at P < 0.05.
bSignificantly different from 2wks after treatment at P < 0.05.

patients (12 in US group and 13 in FL group) who received the
second injection according to their symptoms at the return
visit.

There were no significant differences observed in the
NPS before and 2wks, 12 wks, and 24wks after the injections
between US and FL groups (Table 2). The pain intensity,
as measured by NPS, significantly decreased at 2 wks after
injection treatment in both US and FL groups, respectively,
compared with that of baseline (P < 0.05). The blocking
procedures had continued, and comparable pain relieving
effects appeared at 12 wks and 24wks after treatment in both
US and FL groups (Table 2), the NPS score significantly
decreased 12wks and 24wks after treatment compared with
that at baseline (P < 0.05) and at 2 wks after injection (P
< 0.05). It indicated that steroid injection guided by either
ultrasound or fluoroscopy had sustained pain-relieving effect
for CeH patients.

4. Discussion

Cervicogenic headache is a common clinical syndrome and
few conservative managements lead to satisfactory clinical
efficacy. There are multiple causes of CeH, including the
C2-C3 and C3-C4 z-joints, A-A joint, C2-C3 intervertebral
disk, A-O joint, and the greater or lesser occipital nerve
[1]. Anatomically, the main dorsal ramus of C2 becomes the
greater occipital nerve after passing the posterior aspect of
the C1/2 facet joint. The C2 and C3 ventral rami become
the lesser occipital nerve, and the C3 dorsal ramus becomes
the third occipital nerve [1, 2, 8, 11]. The pain of CeH most
commonly originates from the C2/3 facet joints [20]. In this
study, US or FL-guided C2 and/or C3 transverse process
steroid injections were applied to 54 patients with CeH
and comparable pain relief effect was observed. It has been
frequently demonstrated that blockade of the greater occipital
nerve, the lesser occipital nerve, the stellate ganglion, and
other various blocking treatments are effective strategies for
CeH. Zhou et al. reported that, of the 28 CeH patients, 26
of them had abnormalities in the cervical spine below the
C1/2 and C2/3 levels and C1/2, C2/3 facet joint injections and
C2, C3 spinal rami blocks were effective and well tolerated
by the patients [8]. Anthony reported that injection of
methylprednisolone into the greater and lesser occipital nerve
region could relieve headache completely in 169 out of 180
patients for a duration of 10–77 days [21]. Our results also
showed sustained pain relief effect of steroid injections for
as long as 6 months; however, these results were inconsistent

with those of Goldberg et al. [11]. The authors applied FL-
guided deep cervical plexus block to 39 patients with CeH;
the mean pain scores were significantly lower than baseline
at 3 months but by 6 months the pain had returned to
pretreatment levels. One possible explanation could be the
difference in inclusion criteria; the study of Goldberg et
al. recruited patients suffering from atypical headaches for
longer duration of 4-5 years, while it were typical CeH
patients with the symptoms only for 5.7–13.5 months in our
study. Another factor contributing to the varied results could
be frequency of injection treatment for patients with longer
and shorter history. Our patients with a history for 5.7–13.5
months received 1-2 blockade treatments, while the great
majority of patients (87%) with a history for more than 4
years in their study only had a median treatment frequency
for 2 injections. For patients with longer history of CeH,more
treatment sessions might be considered for longer pain relief
effect.

The C2 and/or C3 transverse process block technique is
a modification of the deep cervical plexus block that has
been utilized to provide anesthesia to the head and neck
region [15]. This technique is relatively safe since the cervical
foramen is not entered and vertebral artery (Figure 2) can
easily be detected by ultrasonography. Although this block
occurred more peripherally compared to z-joint and trans-
foraminal block, our results demonstrated that the blocking
strategy has efficient pain relief effect. The analgetic solution
spreads within the cervical region to adjacent levels since the
paravertebral space communicates freely [22], which allows
local injection at one level that can achieve the same beneficial
effect.

The FL-guided injection procedure is most commonly
used in treating pain-associated diseases to ensure correct
needle placement. However, radiation exposure was unavoid-
able, and there is a risk of vertebral artery injury. The US-
guided method has several advantages in comparison with
the FL-guided method. Gofeld et al. explored US-guided
lumbar transforaminal and z-joint injection techniques for
patients with spinal pain, and their studies demonstrated
that US-guided injections are accurate and feasible [23, 24].
It has also been reported that US-guided selective nerve
root block and caudal injection for low back pain are
feasible, easy-to-perform, and effective procedures [15, 18].
Ultrasonography may be a viable alternative to fluoroscopy
or computed tomography as a guidance method, because it
overcomes the disadvantages of radiation exposure and poor
vascular display. Furthermore, the device of ultrasonography
is portable and convenient to be used at bedside for patients
with severe pain.

The main limitations of the study are as follows: first, the
sample size was small; thus, clinical findings still need to be
confirmed with larger clinical trials. Second, this study was
not a double-blind control study. It was difficult to conduct
a double-blind control study with nontraditional modalities
such as ultrasound and fluoroscopy. Additional investigations
may be needed to improve the limitations.

In summary, deep cervical plexus block in C2 or C3
transverse process for treating patients with cervicogenic
headache provided significant and prolonged pain relief (6
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months’ follow-up).TheUS-guided approach showed similar
satisfactory effect as the FL-guided block. Ultrasonography
can be an alternative method for its convenience and efficacy
in deep cervical plexus block without radiation exposure.
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Objectives. To develop a scoring system for evaluating the extrasynovial soft tissue inflammation of the shoulders in patients
with polymyalgia rheumatica (PMR) and elderly-onset rheumatoid arthritis with PMR-like onset (pm-EORA) using ultrasound.
Methods. We analyzed stored power Doppler (PD) images obtained by the pretreatment examination of 15 PMR patients and 15
pm-EORApatients. A semiquantitative scoring system for evaluating the severity of PD signals adjacent to the anterior aspect of the
subscapularis tendonwas designed.Results. A four-point scale scoring for the hyperemia on the subscapularis tendonwas proposed
as follows in brief: 0 = absent or minimal flow, 1 = single vessel dots or short linear-shape signals, 2 = long linear-shape signals or
short zone-shape signals, or 3 = long zone-shape signals. This scoring system showed good intra- and interobserver reliability and
good correlation to quantitative pixel-counting evaluation. By using it, we demonstrated that inflammation in PMR is dominantly
localized in extrasynovial soft tissue as compared with pm-EORA. Conclusions. We proposed a reliable semiquantitative scoring
system using ultrasound for the evaluation of extrasynovial soft tissue inflammation of the shoulders in patients with both PMR
and pm-EORA.This system is simple to use and can be utilized in future investigations.

1. Introduction

Polymyalgia rheumatica (PMR), which presents with strong
pain and stiffness around the shoulder and hip girdles, is
a relatively common disease among adults aged ≥50 years
[1]. Patients with PMR exhibit a very high inflammatory
response and show dramatic improvement following the
administration of corticosteroids [2]. Because there is no
disease-specific marker, PMR is diagnosed based on its clini-
cal manifestation and course [3]. Elderly-onset RA (EORA)
patients often present polymyalgic symptoms that mimic
PMR at the onset [4]. In cases in which serological markers
are negative and arthritis in the peripheral small joints is
lacking, discriminating EORA from PMR is sometimes very
difficult, although treatment with antirheumatic drugs is
necessary for the effective treatment of EORA.

In 2012, provisional classification criteria for PMR were
published [5]. Unfortunately, these criteria were evaluated
as useful in general but weak in discriminating between
PMR and RA [5]. Two validation studies failed to conclude
whether or not the optional use of musculoskeletal ultra-
sound (US) items in the new criteria improves the differential
diagnosis between PMR and EORA [5, 6]. Both studies
reported that the optional use of US items did not, however,
improve the ability of the criteria to discriminate PMR from
EORA with PMR-like onset (pm-EORA). In essence, binary
assessment for the presence or absence of shoulder synovitis
(tenosynovitis, bursitis, and joint synovitis) and hip synovitis
(bursitis and joint synovitis) by US does not provide helpful
information for distinguishing between PMRand pm-EORA.

What is the hallmark of the pathology detected by
imaging modalities in shoulders with PMR? Studies using
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fat-saturated, contrast-enhanced magnetic resonance imag-
ing (MRI) revealed soft tissue inflammation around the
shoulder in addition to inflammation in the synovial tissues
around the shoulder, such as tenosynovitis of the long head
of biceps (LHB), subdeltoid/subacromial bursitis (SDB/SAB),
and glenohumeral joint synovitis (GHJ), although no such
inflammation in the extrasynovial soft tissues has been
mentioned in previous studies employing US [7, 8].

Through clinical experience of the US examination of the
shoulder lesions in untreated patients with PMR and pm-
EORA, we noted that strong power Doppler (PD) signals
indicating hyperemia are detected adjacent to the anterior
aspect of the subscapularis tendon (SScT). We assume that
this hyperemia on the SScT represents the extrasynovial soft
tissue inflammation related to the polymyalgic feature. To
clarify the clinical significance of this hyperemia, it is neces-
sary to establish themethod for evaluating it. In this study, we
proposed and validated a semiquantitative scoring system for
evaluating PD signals on the SScT in the shoulders of patients
with PMR and pm-EORA. We also used a semiquantitative
US scoring system for the three different components of
synovitis in the shoulder, namely, tenosynovitis, bursitis,
and joint synovitis, for the comprehensive assessment of
the shoulder synovitis, in order to compare the severity of
inflammation in extrasynovial soft tissuewith that in synovial
tissues.

2. Methods

2.1. Patients. This study was conducted in accordance with
the principles of the Declaration of Helsinki. The medical
records of patients who visited the hospital after January 2010
for examination of PMR-like symptoms were retrospectively
reviewed to identify patients who fulfilled the following
inclusion criteria: (i) musculoskeletal US was performed
to evaluate persistent inflammatory pain and stiffness in
the neck and shoulder girdle, regardless of pelvic girdle
involvement; (ii) musculoskeletal US examination was per-
formed before starting treatment with corticosteroids or
antirheumatic drugs; (iii) follow-up clinical information one
year after the US examination was available. By reviewing the
clinical data during the one-year follow-up, including data
on the resistance to corticosteroids alone, the need for and
effectiveness of antirheumatic drugs, and the development of
proliferative and/or bone-erosive synovitis in the peripheral
small joints, the final diagnoses were confirmed by agreement
among the attending physician and two rheumatologists (A.
O. and Y. S.) certified by the Japan College of Rheumatology.
Among patients who were examined between January 2010
and August 2013, 15 consecutive patients who were eventually
diagnosed with PMR and 15 consecutive patients who were
eventually diagnosed with pm-EORA were enrolled in this
study for comparison. The 2012 EULAR/ACR provisional
classification criteria for PMR and the 2010 ACR/EULAR
classification criteria for RA were also tested to the patients
[5, 9].

2.2. Clinical and Serological Data. At the time ofUS examina-
tion, clinical and serological data, including sex, age, disease

duration, rheumatoid factor (RF) titer, anti-citrullinated
peptide antibody (ACPA), C-reactive protein (CRP), and
erythrocyte sedimentation rate (ESR), were available for
all patients. Serum matrix metalloproteinase 3 (MMP-3)
was available for 29 patients. CRP, RF, and MMP-3 were
measured simultaneously within 10 days prior to US exam-
ination. RF was quantified by immunoturbidimetric assay
(normal <15U/ml; N-assay TIA RF; Nittobo Medical, Tokyo,
Japan); ACPA was quantified by anti-CCP2 enzyme-linked
immunosorbent assay (normal <4.5U/ml; MESACUP CCP
TEST, MBL; Nagoya, Japan); and MMP-3 was quantified by
latex turbidimetric immunoassay (normal range, male: 36.9–
121 ng/mL, female: 17.3–59.7 ng/mL; Panaclear MMP-3 Late;
Daiichi Fine Chemicals, Takaoka, Japan).

2.3. US Image Acquisition for the Evaluation of Hyperemia
on the SScT. US examinations were performed using a GE
LOGIQ 7 device (GE Medical Systems; Milwaukee, WI) by
an experienced examiner (T. S.). A 10 to 14MHz linear
transducer was used at 12.0MHz for gray scale and 6.7MHz
for colormode.The hyperemia adjacent to the anterior aspect
of the SScT was scanned in the horizontal long axis view with
a neutral position (Figure 1(a)), because external rotation
may lead to a decrease in blood flow possibly due to tension
in the soft tissues. PD settings were identical to the preset
parameters (pulse repetition frequency 1.0 kHz, Doppler gain
25) for every patient. Images with the most pronounced PD
activity were identified from the cine-loop and stored.

2.4. Development and Validation of a Semiquantitative Scoring
System. Stored images were used for the semiquantitative
and quantitative evaluation. With a focus on the anterior
aspect of the SScT, the area (including the anterior soft
tissues and the posterior tendon tissues and excluding the
intertubercular groove) was assessed for the severity of
hyperemia (Figure 1(b), elliptic region). Based on a subjective
evaluation, we developed a semiquantitative four-point scale
scoring system.

In order to evaluate intra- and interobserver reliability,
40 selected images were randomized and rescored by the
sonographer (T. S.) after a one-year interval and by another
experienced sonographer/rheumatologist (Y. S.). Unweighted
kappa statistics were calculated.

For validating the semiquantitative scoring, the same set
of 40 images was used for quantitative evaluation.The images
were opened in Adobe Photoshop elements 13, orange color
pixels corresponding to the PD signals in the appropriate
area were selected using the Magic Wand tool, and the pixel
number was counted using the histogram panel. The area of
signals was calculated in square millimeters with reference to
the scale in the image. The relationship between quantitative
measurement and semiquantitative scoring for hyperemia
was plotted.

2.5. US Image Acquisition for the Evaluation of Synovial
Pathologies. Shoulders were scanned according to a stan-
dardized scanning method [10]. With the shoulder in a
neutral position, the glenohumeral joint (GHJ) was evaluated
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Figure 1: Scanning method for the evaluation of hyperemia adjacent to the anterior aspect of the subscapularis tendon. (a) Arm and probe
position for the evaluation of the subscapularis tendon in the long axis. The shoulder is in a neutral position, the elbow is fixed to 90∘, and
the hand is spinated. The probe is placed perpendicular to the shoulder. (b) Long axis ultrasound view of the subscapularis tendon (arrow).
The subscapularis tendon is superficial to the lesser tuberosity and medial to the bicipital groove. Note that the hypoechoic appearance of the
medial part of the subscapularis tendon is due to the anisotropy. The area indicated by an ellipse, including the anterior soft tissues and the
posterior tendon tissues and excluding the bicipital groove, is assessed for the severity of hyperemia.

by transverse scanning of the posterior recess. This was
complemented by dynamic observation during internal and
external shoulder rotation. Similarly, with the shoulder in a
neutral position, the long head of biceps (LHB) tendon sheath
was evaluated by transverse and longitudinal scanning in the
bicipital groove.The subdeltoid bursa (SDB) and subcoracoid
bursa (SCB) were scanned with the shoulder in a neutral
position, whereas the subacromial bursa (SAB) was scanned
with the shoulder in a modified Crass position.

2.6. Grading and Scoring of Synovial Pathologies. All gray-
scale US (GSUS) and power Doppler US (PDUS) findings
for each synovial pathology were semiquantitatively graded
and scored from 0 to 3 (0 = absent, 1 = mild, 2 = moderate,
and 3 = severe) by analyzing the stored images, with the
exception that a score of 0 could be given based on the
description in a written report. All grading was done by
the examiner (T. S.) who performed the US examinations.
The GSUS and PDUS grading of GHJ synovitis was based
on the SOLAR scoring system [11]. The GSUS and PDUS
grading of LHB tenosynovitis was based on the OMERACT
definition [12]. The GSUS grading of shoulder bursitis was
subjectively determined (0 = absent, 1 = mild, 2 = moderate,
and 3 = severe), whereas the PD signal of bursitis was
subjectively graded on a semiquantitative scale (0 = absent or
minimal flow, 1 = mild or single-vessel signal, 2 = moderate
or confluent vessels, and 3 = severe or vessel signals in >50%
of the synovium area). Although the GSUS and PDUS scores
were determined for each instance of bursitis of the SDB, SAB,
and SCB, those for shoulder bursitis were represented by the
largest score among the three lesions. The shoulder synovitis
score (SSS) was calculated as the sum of the GSUS and PDUS
scores for the three pathologies (total of six scores) in each
shoulder.The patient SSS (PSSS) was calculated as the sum of
the scores for both shoulders of each patient.

2.7. Statistical Analysis. All statistical analyses were per-
formed with EZR (Saitama Medical Center, Jichi Medical
University, Saitama, Japan), which is a graphical user inter-
face for R (The R Foundation for Statistical Computing,
Vienna, Austria) [13].The differences between the two groups
were examined using Mann–Whitney 𝑈 test. A correlation
between two variables was examined using Spearman’s rank
correlation test. Statistical significance was set at a 𝑝 value
of less than 0.05. Intra- and interobserver reliability of the
semiquantitative score were estimated using calculations of
unweighted kappa statistics.

3. Results

3.1. Patient Demographics. Demographic and clinical data
at the time of US examination are shown in Table 1. There
were no significant differences in age and sex between the
groups. Disease duration was shorter in the PMR group than
in the pm-EORA group. Stiffness in the shoulder girdle was
present in all patients in both groups. Pain in the bilateral
shoulder was present in all patients in the PMR group and in
the majority of patients in the pm-EORA group. Peripheral
synovitis distal to the shoulder or knee was present in almost
all patients in the pm-EORA group and in two patients in the
PMR group. One patient in the PMR group tested positive
for RF, whereas 60% of the patients in the pm-EORA group
were seronegative. Both CRP and ESR were higher in the
PMR group than in the pm-EORA group. Serum MMP-3
tended to be higher in the pm-EORA group than in the
PMR group. Antirheumatic drugs including methotrexate
were administered to all patients in the pm-EORA group, and
methotrexate was administered to three patients in the PMR
group as a corticosteroid-sparing agent during the one-year
follow-up.
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Table 1: Demographic and clinical characteristics of patients at the time of US examination.

Diagnosisa PMR pm-EORA
Number of patients 15 15
Age (years)b 72.6 ± 7.7 70.7 ± 7.0
Sex (female) 33.3% 46.7%
Disease duration (months)b 1.7 ± 0.8 2.7 ± 1.1
Shoulder girdle stiffness 100% 100%
Bilateral shoulder pain 100% 86.7%
Peripheral joint involvement 13.3% 93.3%
Positive RF 6.70% 33.3%
Positive ACPA 0.0% 33.3%
Positive RF and/or ACPA 6.7% 40.0%
CRP (mg/dL)b 9.3 ± 5.3 4.2 ± 5.0
ESR (mm/h)b 102 ± 27 79 ± 30
MMP-3 (ng/ml)b 255 ± 174 333 ± 366c

2012 EULAR/ACR PMR criteria score ≧ 4 100% 60%
2010 ACR/EULAR RA criteria score ≧ 6 0.0% 66.6%
Initiation of antirheumatic drugs during one-year follow-upa 20% 100%
a, data after one-year follow-up; b, mean ± standard deviation; c, 𝑛 = 14; ACPA, anti-citrullinated peptide antibody; CRP, C-reactive protein; ESR, erythrocyte
sedimentation rate; MMP-3, matrix metalloproteinase 3; pm-EORA, elderly-onset rheumatoid arthritis with PMR-like onset; PMR, polymyalgia rheumatica;
RF, rheumatoid factor; US, ultrasound.

Table 2: Distribution of the hyperemia on subscapularis tendon scores (HSScTS) in the shoulders among each disease group.

Score 0 Score 1 Score 2 Score 3
PMR (𝑛 = 30) 6.7% 36.7% 36.7% 20.0%
pm-EORA (𝑛 = 30) 26.7% 26.7% 23.3% 23.3%
RA control (𝑛 = 26) 57.7% 38.5% 3.8% 0.0%
Non-RA control (𝑛 = 22) 40.9% 59.0% 0.0% 0.0%
PMR, polymyalgia rheumatica; pm-EORA, elderly-onset rheumatoid arthritis with PMR-like onset.

When the clinical data at the time of US examination
were evaluated, all patients in the PMR group fulfilled the
2012 EULAR/ACR criteria for PMR. However, one-third of
patients in the pm-EORA group did not fulfill the 2010
ACR/EULAR criteria for RA, possibly due to the low preva-
lence of seropositive patients. In addition, 60% of patients in
the pm-EORA group had scores of 4 or higher for the 2012
PMR criteria, possibly because they presented with PMR-like
onset. Therefore, it seems that the clinical data at the time of
the US examination were not sufficient to predict the final
diagnosis confirmed after one year of follow-up.

3.2. Development of a Semiquantitative Four-Point Scale Scor-
ing System. Based on a subjective evaluation, we proposed
a semiquantitative four-point scale scoring system for the
severity of the hyperemia adjacent to the anterior aspect of
the SScT as follows. Illustrative images are shown in Figure 2.
Score 0= absent orminimal flow (Figure 2(a)); score 1 = single
vessel dots (Figure 2(b)) or confluent linear shape signals
shorter than half the length of the region to be evaluated
(Figure 2(c)); score 2 = confluent linear shape signals longer
than half the length of the region to be evaluated (Figure 2(d))
or confluent zone shape signals shorter than half the length of
the region to be evaluated (Figure 2(e)); or score 3 = confluent
zone shape signals longer than half the length of the region to

be evaluated (Figure 2(f)). The score was denominated as the
hyperemia on subscapularis tendon score (HSScTS) and the
sum of the scores of bilateral shoulders was denominated as
Bil-HSScTS.

3.3. Validation of HSScTS Scoring System. The intraobserver
unweighted kappa statistic obtained by rescoring 40 images
blindly was 0.852.The interobserver unweighted kappa statis-
tic was 0.745.The relationship between the quantitative mea-
surement of PD-positive pixel areas and the semiquantitative
HSScTS was plotted in Figure 3. These data indicated the
strong reliability of the semiquantitative four-point scale
scoring system for HSScTS.

3.4. Differences in Hyperemia on Subscapularis Tendon
between Diseases or Clinical Conditions. The distribution of
the HSScTS in the shoulders among each disease group is
shown in Table 2. As control groups, 26 shoulders of 15 con-
secutive new-onset RApatientswithout a polymyalgic feature
and 22 shoulders of 19 consecutive non-RA patients without
a polymyalgic feature in whom HSScTS were recorded for
symptomatic shoulders by US before starting treatment with
corticosteroids or antirheumatic drugswere chosen.Thenon-
RA control group included 5 shoulders with glenohumeral
osteoarthritis, 2 shoulders with synovitis, acne, pustulosis,
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Figure 2: Illustrative ultrasound images for the four-point scale scoring of the hyperemia on the subscapularis tendon. Score 0 = absent or
minimal flow (a), score 1 = single vessel dots (b), or confluent linear shape signals shorter than half the length of the region to be evaluated (c),
score 2 = confluent linear shape signals longer than half the length of the region to be evaluated (d), or confluent zone shape signals shorter
than half the length of the region to be evaluated (e), score 3 = confluent zone shape signals longer than half the length of the region to be
evaluated (f). Double arrows indicate the length of the linear shape signals (c, d), or the length of the zone shape signals (e, f).
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Figure 3: Correlations between the hyperemia on the subscapularis
tendon score (HSScTS) and the area of power Doppler- (PD-)
positive pixels among the 30 patients with polymyalgic symptoms.

hyperostosis, and osteitis (SAPHO) syndrome, 2 shoulders
with a rotator cuff tear, and 12 others. A HSScTS of higher
than 1 was equally common among the two groups presenting

a polymyalgic feature although it was rare among the control
groups.

Next, we compared the Bil-HSScTS, which is the sum
of the HSScTS of bilateral shoulders. Bil-HSScTS showed
no significant differences between the PMR group (median,
3; min–max [2–5]) and the pm-EORA group (median, 3;
min–max [0–6]) (Figure 4). These results suggest that the
hyperemia on the SScT is specific not to PMR but to the
polymyalgic conditions.

3.5. Correlation between Severity of the Hyperemia on the
SScT and Serum Markers for Inflammation. Correlations
between Bil-HSScTS and serum markers for inflammation
were assessed among 30 patients from both the PMR and
pm-EORA groups. As shown in Figure 5(a), Bil-HSScTS
positively correlated with serum CRP (𝑅 = 0.522, 𝑝 =
0.00309). In contrast, as shown in Figure 5(b), Bil-HSScTS
did not correlate with serum MMP-3 (𝑅 = 0.121, 𝑝 =
0.531). Assuming that the levels of serum CRP are related
to the total sum of synovial inflammation and extrasynovial
inflammation and that the levels of serum MMP-3 are
related to synovial inflammation, we set up a new index,
the CRP/MMP-3 ratio, which was defined as serum CRP
concentration divided by serum MMP-3 concentration. As
shown in Figure 5(c), Bil-HSScTS positively correlated with
the CRP/MMP-3 ratio in the patients (𝑅 = 0.425, 𝑝 =
0.0215). It is intriguing to speculate that Bil-HSScTS is related
to extrasynovial inflammation and that the CRP/MMP-3
ratio can be used as a marker for the extent of extrasynovial
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Table 3: Intra- and interobserver reliability evaluated by rescoring 184 images blindly shown as unweighted kappa statistics.

Pathology and mode Number of the images evaluated Intraobserver Interobserver
LHB (GS & PD) 72 0.78 0.626
Bursa (GS & PD) 72 0.926 0.72
GHJ (GS & PD) 40 0.753 0.616
GS (all pathologies) 92 0.807 0.657
PD (all pathologies) 92 0.886 0.69
Overall 184 0.844 0.675
LHB, long head of biceps tendon sheath; GHJ, glenohumeral joint; GS, gray scale; PD, power Doppler.

Table 4: Distribution of GS and PD grades for three kinds of shoulder synovial pathologies.

PMR pm-EORA Fisher’s exact test
𝑛 = 30 𝑛 = 30

Grade (score) 0 1 2 3 0 1 2 3 𝑝 value
LHB GS (%) 20.0 46.7 30.0 3.3 30.0 26.7 26.7 16.7 0.176
LHB PD (%) 33.3 26.7 36.7 3.3 33.3 13.3 30.0 23.3 0.108
Bursa GS (%) 60.0 30.0 6.7 3.3 40.0 13.3 23.3 23.3 0.0157
Bursa PD (%) 76.7 10.0 13.3 0.0 46.7 16.7 20.0 16.7 0.0424
GHJ GS (%) 80.0 16.7 3.3 0.0 66.7 10.0 16.7 6.7 0.141
GHJ PD (%) 86.7 10.0 3.3 0.0 70.0 20.0 0.0 10.0 0.104
GHJ, glenohumeral joint; GS, gray scale; LHB, long head of biceps tendon sheath; PD, power Doppler; pm-EORA, elderly-onset rheumatoid arthritis with
PMR-like onset; PMR, polymyalgia rheumatic.
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Figure 4: Comparison of the sum of the hyperemia on the
subscapularis tendon scores of bilateral shoulders (Bil-HSScTS)
between patients with PMR and pm-EORA.

inflammation compared to the extent of synovial inflamma-
tion.

3.6. Grading and Scoring of Each Synovial Pathology. For
the quality control of our US scoring of shoulder synovitis,
we evaluated the kappa value of intra- and interobserver
reliability by blindly rescoring 184 images. The intraobserver
agreement was excellent with an unweighted kappa statistic
of 0.844. The interobserver agreement was good with an
unweighted kappa statistic of 0.675. While reports on the

concordance rate of semiquantitative grading for shoulder
bursitis are scarce, intra- and interobserver agreement were
higher for shoulder bursitis, as compared with LHB tenosyn-
ovitis or GHJ synovitis (Table 3). Representative US images
for the grading of the synovial pathology are shown in
Figure 6.

The distribution of the GSUS and PDUS grades for the
three kinds of synovial pathologies is shown in Table 4.
Analysis of the distribution of the grades by Fisher’s exact test
revealed that the GS- and PD-grades of bursitis in the pm-
EORA groupwere significantly higher than those in the PMR
group. Comparison of the scores by Mann–Whitney 𝑈 test
showed similar findings.The GS-scores of bursitis in the pm-
EORA group (median, 1; min–max [0–3]) were significantly
higher than those in the PMR group (median, 0; min–max
[0–3]; 𝑝 = 0.0167). The PD-scores of bursitis in the pm-
EORA group (median, 1; min–max [0–3]) were significantly
higher than those in the PMR group (median, 0; min–max
[0–2]; 𝑝 = 0.0103). Whereas shoulder bursitis is generally
thought to be a hallmark of PMR, our data obtained by
semiquantitative comparison between PMR and pm-EORA
revealed that bursitis was less severe in PMR than in pm-
EORA.

3.7. Comprehensive Scoring of Synovial Inflammation for Each
Shoulder or Patient. The SSS was calculated as the sum of
the GSUS and PDUS scores for the three pathologies (total
of six scores) in each shoulder, and the PSSS was calculated
as the sum of the SSS for both shoulders of each patient. As
shown in Figure 7, comparison by Mann–Whitney 𝑈 test
revealed that the SSS was significantly higher in the pm-
EORA group (median, 6; min–max [0–18]) than in the PMR
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Figure 5: Correlations between the sum of the hyperemia on the subscapularis tendon scores of bilateral shoulders (Bil-HSScTS) and serum
markers for inflammation. (a) Correlation between Bil-HSScTS and serum CRP. (b) Correlation between Bil-HSScTS and serum matrix
metalloproteinase 3 (MMP-3). (c) Correlation between Bil-HSScTS and CRP/MMP-3 ratio. CRP/MMP-3 ratio was calculated by dividing
serum CRP concentration by serumMMP-3 concentration.

group (median, 4; min–max [0–8]; 𝑝 = 0.0478). However,
the difference in the PSSS between the two groups did not
reach the significance level (pm-EORA group median, 10;
min–max [2–36] vs PMR group median, 8; min–max [1–15];
𝑝 = 0.0528). These results suggested that shoulder synovitis
in PMR tends to be mild as compared with that observed
in pm-EORA, possibly because synovitis in PMR may be
characterized as exudative synovitis rather than proliferative
synovitis as compared with synovitis in RA.

3.8. The Ratio of Bil-HSScTS to PSSS. We set up another
new index, the Bil-HSScTS/PSSS ratio, which was defined
as Bil-HSScTS divided by PSSS. As shown in Figure 8, Bil-
HSScTS/PSSS ratiowas significantlymuch higher in the PMR
group (median, 0.500; min–max [0.250–3.00]) than in the
pm-EORA group (median, 0.214; min–max [0–0.400]; 𝑝 =
0.0000727). Because we assume that the Bil-HSScTS/PSSS
ratio represents the ratio of the severity of the inflammation in
extrasynovial soft tissues to the severity of the inflammation
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Figure 6: Representative ultrasound (US) images for grading of synovial pathology of the shoulder. Images from the shoulders of patients
with polymyalgia rheumatica (PMR) (a–d) and elderly-onset rheumatoid arthritis (EORA) with PMR-like onset (e–h) are shown on gray-
scale (c, e, and g) and power Doppler (a, b, d, f, and h) ultrasonograms.The shoulder was in a neutral position (a, b, e, f, and h), in a modified
Crass position (c, d), or internally rotated (g). Moderate hyperemia was detected in the long head of biceps tendon sheath (∗) on transverse
(a) and longitudinal (b) scans. Mild synovial effusion (c) and moderate hyperemia (d) were detected in the subacromial bursa (arrowheads).
Severe synovial effusion (e) and severe hyperemia (f) were detected in the subcoracoid bursa (†) and subdeltoid bursa (‡). Moderate synovial
proliferation (g) and severe hyperemia (h) were detected in the glenohumeral joint (§).

in synovial tissues, it is suggested that the inflammation in
PMR is dominantly localized in extrasynovial soft tissues as
compared with that in pm-EORA.

3.9. Changes in the Hyperemia on the SScT after Treatment
with Corticosteroids and/or Antirheumatic Drugs. Follow-up
data on Bil-HSScTS after starting treatment with corticos-
teroids and/or antirheumatic drugs were available in only
5 of 30 patients (3 with PMR and 2 with pm-EORA). The
intervals between the examinations varied considerably from
0.9 to 8.7months. In all five cases, Bil-HSScTS decreased after
treatment (Figure 9).

4. Discussion

Two groups have employed traditional MRI, fat-saturated
MRI, and contrast-enhanced MRI in studying the primary

site of inflammation in PMR since around 2000. Cantini et al.
advocated that the primary site in PMRwas the extracapsular
synovial tissue, that is, the synovial bursa [14–16]. In contrast,
McGonagle et al. argued that the primary site of inflammation
was detected in nonsynovial soft tissues around the joint
capsules and proposed that capsulitis/enthesitis, including
inflammation of the functional enthesis, was the primary
pathology in PMR and that synovitis occurred secondarily
[17–20]. Currently, it remains unknown whether synovitis
in the joints and their surroundings (tenosynovitis/bursitis)
or capsule-/enthesis-based pathologies are the primary and
secondary sites of PMR. Nevertheless, inflammation in PMR
appears to be present in nonsynovial soft tissues, and this
additional inflammatory element to synovitis likely con-
tributes to the polymyalgic symptoms in PMR. Recent studies
from Japan that employed fat-saturated MRI also confirmed
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Figure 7: Comprehensive score for synovial inflammation for each shoulder or patient. The shoulder synovitis scores (SSS) (a) and patient
shoulder synovitis scores (PSSS) (b) were compared between patients with PMR and those with EORA with PMR-like onset (pm-EORA) by
Mann–Whitney 𝑈 test.
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Figure 8:The ratio of the sumof the hyperemia on the subscapularis
tendon scores of bilateral shoulders (Bil-HSScTS) to patient shoul-
der synovitis scores (PSSS). The ratio of Bil-HSScTS to PSSS was
compared between patients with PMR and those with EORA with
PMR-like onset (pm-EORA) by Mann–Whitney 𝑈 test.

that inflammation of both the synovium and extrasynovial
soft tissues around the joints were present in PMR [7, 8].

In this study, we indicated that significant hyperemia was
often detected adjacent to the anterior aspect of the SScT in
the shoulders with PMR. It is very likely that this hyperemia
detected by PDUS corresponds to the extrasynovial soft
tissue inflammation depicted by MRI. Moreover, this region
on the SScT may represent the functional enthesis that is
possibly affected in PMR. Because the moderate to severe

hyperemiawas equally detected in both PMR and pm-EORA,
the hyperemia on the SScT is specific not to PMR but to the
polymyalgic features common to both diseases. Presumably,
other interfaces between themuscle and the rotator cuff, such
as the supraspinatus tendon or the infraspinatus tendon, can
be candidate sites for detecting extrasynovial inflammation.
However, the anterior aspect of the subscapularis tendon is
probably the optimal site because there are “echo windows”
that allow good penetration by US.

We proposed the first tool utilizing US for evaluating
soft tissue inflammation, which is the key feature of the
polymyalgic symptoms around the shoulder. Our semiquan-
titative four-point scale scoring system for the severity of
the hyperemia on the SScT is not only simple and easy to
use, but also well standardized. The system showed good
intra- and interobserver reliability and good correlation to
quantitative pixel-counting evaluation. Using this scoring
system along with the comprehensive scoring system for
shoulder synovitis, we demonstrated that Bil-HSScTS/PSSS
ratio was significantly higher in the PMR group than in the
pm-EORAgroup. It suggests that the inflammation in PMR is
dominantly localized in extrasynovial soft tissue as compared
with that in pm-EORA.

This scoring system can be utilized for many investiga-
tions, including (i) correlation between the hyperemia on
the SScT and stiffness or range of motion in the shoulders
with PMR and (ii) association between the extent of the
hyperemia on the SScT and the necessity for corticosteroid
therapy. Unfortunately, we could only show very limited data
for the change in hyperemia on the SScT before and after
treatment. Longitudinal studies revealing the characteristics
and the significance of the changes in the hyperemia on the
SScT are needed.
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Figure 9: Changes in the sum of the hyperemia on subscapu-
laris tendon scores of bilateral shoulders (Bil-HSScTS) after treat-
ment with corticosteroids and/or antirheumatic drugs. Bil-HSScTS
decreased after treatment in both PMR patients (circle, solid line)
and EORA patients with PMR-like onset (triangle, dashed line).

5. Conclusions

In this study, we proposed the first tool utilizing US for
the evaluation of extrasynovial soft tissue inflammation in
the shoulders of patients with both PMR and pm-EORA.
This semiquantitative four-point scale scoring system with
high reliability is simple to use and can be utilized in future
investigations.
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Objectives. To establish anatomical landmarks for biceps tendon groove localization based on intrinsic anatomical relations and
to validate the localization with ultrasonographic measurement. Design. Perspective, observational, single-blinded pilot study.
Participants. 25 healthy male and female volunteers ages 24–50 years. Methods. We used two anatomical landmarks, the medial
epicondyle vertical line related landmark and the coracoid process landmark.The distance from the groove skinmark to themedial
epicondyle vertical line and the coracoid process was measured horizontally and was measured at 0∘ and 45∘ of shoulder external
rotation, respectively. Results. Medial epicondyle vertical lines were 9.3mm/21.5mm medial to the groove at 0∘/45∘ of shoulder
external rotation, respectively. Correlation coefficients were 0.04/0.10, 0.32/0.42, and 0.26/0.37 for weight, height, and BMI in 0∘/45∘
of shoulder external rotation, respectively. The distance between the coracoid process and the groove was 44.0mm/62.2mm in
0∘/45∘ of shoulder external rotation, respectively. Correlation coefficients were 0.36/0.41, 0.36/0.54, and 0.18/0.12 for weight, height,
and BMI in 0∘/45∘ of shoulder external rotation, respectively. Conclusions. The medial epicondyle vertical line and the coracoid
process landmark are both useful anatomical landmarks to localize the biceps groove. The anatomical landmark based localization
is essentially not correlated with subject’s weight, height, or BMI.

1. Introduction

The long biceps tendon arises mainly from the supraglenoid
tubercle and partly from the superior glenoid labrum, passes
through the glenohumeral joint, and enters the intertubercu-
lar groove. Its intra-articular and extra-articular portions are
stabilized by a series of soft-tissue restraints arising from the
coracohumeral ligament, superior glenohumeral ligament,
and supraspinatus and subscapularis tendons [1]. Pathologies
of the long head of the biceps tendon (LHBT) present an
important source of shoulder pain, often causing significant
losses in this joint flexion. Isolated disorders of LHBT include
tendinopathy, dislocation, and partial or complete tears.
LHBT tendinopathy is generally due to inflammatory, trau-
matic, and degenerative causes related to overuse, becoming
chronic in most cases [2]. Also it is commonly accompa-
nied by shoulder pathology such as rotator cuff dysfunc-
tion, scapular dyskinesis, adhesive capsulitis, glenohumeral
joint arthritis, SLAP (superior labrum anterior to posterior)

lesions, or supraspinatus tendinosis [3–5]. A few studies [6–9]
have found a close relationship between rotator cuff tears and
associated injuries produced in LHBT.Disorders of the LHBT
are associated with rotator cuff tear in up to 90% of cases
[6, 8]. Physical examination is unreliable in the diagnosis
of LHBT pathology. Local anesthetic or steroid injection
into the biceps long head tendon sheath is commonly used
for diagnosis and treatment. Ultrasonography is preferred
for visualizing the LHBT. However, it has a disadvantage
of machine use and being time consuming. Long head of
biceps palpation at the level of the intertubercular groove
not only plays a central role in the physical examination of
patients who present with anterior shoulder pain but is also
the primary means of localization for biceps tendon sheath
injections. Unfortunately, only approximately 5.3% overall
accurate rate of long head of biceps groove palpation was
reported in 25 examiners including attending physicians,
fellows, and residents [10]. In this study we developed
two anatomical landmarks, medial related vertical line, and
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(a) (b) (c)

Figure 1: Biceps long head tendon groove (arrow) in the neutral position (a) and 45∘ of shoulder external rotation (b) was marked under
ultrasound guidance. Coracoid process (arrowhead) was marked under ultrasound guidance (c).

coracoid related landmarks which are based on intrinsic
anatomical relations. The relationship between those two
landmarks and LHBT is consistent and reliable. The purpose
of the present study was to introduce these two anatomical
landmarks for localization of biceps tendon groove and to
validate the localizationwith ultrasonographicmeasurement.

2. Methods

2.1. Design. The perspective, observational study was com-
pleted in a tertiary care center at an academic institution.
All of participants were blinded to study. Two anatomical
landmarks were developed to localize LHBT groove and
localization was validated with ultrasonographic measure-
ment.

2.2. Participants. Participants were recruited on a volunteer
basis through word of mouth and posters. Participants were
included if they are healthy adults between 18 and 64 years
old. Exclusion criteria were those who (1) had a history of
shoulder pain or injury and those of shoulder surgical inter-
vention; of biceps tendinitis or injury; or of shoulder joint
chronic pathology, including but not limited to such issues
as osteoarthritis, Rheumatologic, or autoimmune disorders
and (2) were pregnant or lactating. Each participant’s height,
weight, and calculated BMI were recorded.

2.3. Ethic Statement. The study protocol (H36580) was
approved by the local Institutional Review Board and was
conducted at a single-site rehabilitation center in an urban
tertiary academic medical center. Written informed consent
was obtained from all patients before enrollment into the
study.

2.4. Equipment. All ultrasound scans were performed on a
Philips iU22 ultrasound machine with a 12–5MHz linear

array transducer (Philips Ultrasound Systems, Bothell, WA).
The measurement was performed with an electronic digital
caliber (NEIKO TOOLS, Gardena, CA). A 90∘ angle rule was
used to mark the site of medial epicondyle vertical line at
intertubercular groove for each participant.

2.5. Procedures. Left shoulder was used to complete the
study to standardize the procedure. After obtaining informed
consent, age, weight, and height of the subject were recorded
by a study coinvestigator. Two anatomical landmarks were
used to localize the LHBT.

(1) Medial Epicondyle Vertical Line Related Landmark. Par-
ticipants stood upright with the shoulder in the neutral
position (0∘), the elbow at 90∘ of flexion, and the forearm
in the neutral position between pronation and supination.
Firstly the biceps long head tendon groove was marked
under ultrasound guidance (Figure 1(a)). Then a vertical line
was drawn to pass through medial epicondyle of humerus
and perpendicular to the ground with a 90∘ angle rule
(Figure 2). The line to where the vertical line passed through
anterior shoulder at the biceps groove level was marked.
The distance from biceps long head tendon groove to the
vertical line was measured horizontally with a digital caliper.
Then participants changed their shoulder position to 45∘ of
shoulder external rotation.The above procedurewas repeated
and the distance from biceps long head groove to the vertical
line was measured again horizontally with a digital caliper
(Figure 1(b)).

(2) Coracoid Process Landmark. Participants stood upright
with the shoulder in the neutral position (0∘), the elbow at 90∘
of flexion, and the forearm in the neutral position between
pronation and supination. The coracoid process and biceps
long head tendon groove were marked under ultrasound
guidance (Figure 1(c)). The distance of the coracoid process
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Figure 2: (a) Black line represents a vertical line passing through the medial epicondyle of humerus and perpendicular to ground. Black dot
represents the intertubercular groove. Medial epicondyle related landmark was marked with a 90∘ angle ruler in the neutral position (b) and
45∘ of shoulder external rotation (c).

(a) (b)

Figure 3: (a) Black line represents the distance between the coracoid process and the intertubercular groove. (b) Coracoid process (A),
intertubercular groove in 0∘ (B), and 45∘ (C) of shoulder external rotation were marked with ultrasound.The distance of the coracoid process
and the biceps long head tendon groove was measured horizontally between A and B or C at the coracoid level.

and the biceps long head tendon groove was measured hori-
zontally with a digital caliper at the coracoid level (Figure 3).
The above procedure was repeated when participant’s arm
was kept at 45∘ of shoulder external rotation. The distance of
the coracoid process and the biceps long head tendon groove
wasmeasuredwith a digital caliper at 45∘ of shoulder external
rotation.

2.6. Data Analysis. Mean and 95% confidence interval (CI)
of the distance measured at 0∘ and 45∘ of shoulder external
rotation were calculated for those two anatomical landmarks,
respectively. Also correlation coefficients between height,
weight, and bodymass index (BMI) and those two anatomical
landmarks related measurement were calculated.

3. Results

25 healthy volunteers (16 female and 9 male; 24–50 years of
age; mean, 29.5 ± 5.4 years) had body mass index (BMI) of

17.7–35.8 (mean, 23.2 ± 3.7). According to American CDC
BMI classification criteria, this sample included 19 normal
weight subjects (BMI 18.5–24.9), 1 underweight subjects (BMI
< 18.5), and 5 overweight subjects (BMI 25–29.9).

All anatomic landmarkswere identified under ultrasound
guidance in all subjects. All medial epicondyle vertical lines
were medial to the biceps groove at both 0∘ and 45∘ of
shoulder external rotation. The horizontal distance between
the biceps groove and medial epicondyle vertical line was
found to be 9.3mm (95% CI, 6.8 to 11.8) and 21.5mm
(95% CI, 18.9 to 24.1) in 0∘ and 45∘ of shoulder external
rotation, respectively. Correlation coefficients were 0.04/0.10,
0.32/0.42, and 0.26/0.37 for weight, height, and BMI in 0∘/45∘
of shoulder external rotation, respectively (Table 1).

The horizontal distance between the coracoid process and
the biceps tendon groove was found to be 44.0mm (95% CI,
41.5 to 46.5) and 62.2mm (95% CI, 59.2 to 65.2) in 0∘ and
45∘ of shoulder external rotation, respectively. Correlation
coefficients were 0.36, 0.36, and 0.18 for weight, height, and
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Table 1: Medial epicondyle vertical line related landmark: average distance between the biceps groove and medial epicondyle vertical line
were measured at 0∘ and 45∘ external rotation. Correlation coefficients between the distance and weight, height, and BMI were calculated at
0∘ and 45∘ of shoulder external rotation. CC: correlation coefficients. BMI: body mass index.

Average distance (95% CI) CC between the distance
and weight

CC between the distance
and height

CC between the distance
and BMI

0∘ neural position 9.3mm (6.8–11.8) 0.04 0.32 0.26
45∘ external rotation 21.5mm (18.9–24.1) 0.10 0.42 0.37

Table 2: Coracoid process landmark: average distance between biceps groove and coracoid process were measured at 0∘ and 45∘ external
rotation. Correlation coefficients between the distance and weight, height, and BMI were calculated at 0∘ and 45∘ external rotation. CC:
correlation coefficients. BMI: body mass index.

Average distance (95% CI) CC between the distance
and weight

CC between the distance
and height

CC between the distance
and BMI

0∘ neural position 44.0mm (41.5–46.5) 0.36 0.36 0.18
45∘ external rotation 62.2mm (59.2–65.2) 0.41 0.54 0.13

BMI in 0∘ neutral position, respectively. At 45∘ of shoulder
external rotation, correlation coefficients were 0.41, 0.54,
and 0.12 for weight, height, and BMI, respectively (Table 2).
Collectively, the results support the intrinsic anatomical
relations between these landmarks and the LHBT groove.

4. Discussion

The long head of the biceps tendon (LHBT) can be a source
of pain or shoulder dysfunction [11]. Local anesthetic or
steroid injection into the biceps long head tendon sheath is
commonly used for diagnosis and treatment. Identifying the
biceps tendon as a pain generator in patients presenting with
shoulder pain syndromes has significant and diagnostic and
therapeutic implications. An accurate and complete diagnosis
facilitates optimal treatment [12].

In the study described herein, two anatomic landmarks
for biceps tendon identification were used and their rela-
tionships to LHBT within the intertubercular groove were
evaluated. The medial epicondyle vertical line lies approxi-
mately 1 centimeter medial to the biceps groove when the
shoulder is in the neutral position and about 2 centimeters
when shoulder is at 45∘ of external rotation. The coracoid
process landmark lies approximately 4.4 centimeters when
the shoulder is in the neutral position, about 6.2 centimeters
when the shoulder is at 45∘ of external rotation. Therefore,
these two anatomical landmarks are effective for LHBT
identification and can be performed easily in an outpatient
setting.

The relationship between the observed landmarks and the
LHBT is rooted in intrinsic anatomical relations among them.
The medial epicondyle of the humerus is a bony protrusion
located on the medial side of distal humerus (Figure 2).
The relationship among them is consistent and reliable.
Given this intrinsic relation, this anatomical landmark based
localization is not correlated with subject’s weight, height,
or BMI. The coracoid process is a small hook-like structure
on the lateral edge of the superior anterior portion of the

scapula. It is localized in the deltopectoral groove between
the deltoid and pectoralis major muscles. There is certain
intrinsic relation between coracoid process and intertuber-
cular groove. Glenohumeral joint subluxation, dislocation,
or effusion may change this relationship. Physician should
be aware of it when patient has the comorbidity of GH
joint pathology. Given this intrinsic relation, coracoid related
landmark is not correlated with subject’s weight or BMI. The
height has the moderate correlation to the distance measured
in 45∘ of shoulder external rotation, but no correlation in
0∘ of shoulder external rotation. Therefore we recommend
that physicians localize the LHBT in the neutral position
of shoulder when measuring with coracoid process related
landmark.

The two anatomical landmarks introduced in this study
were developed to identify the localization of LHBT within
the intertubercular groove. The localization was validated
with ultrasonographic measurement. Correlation between
the distance and weight, height, and BMI increased when
shoulder externally rotated to 45 degree compared with the
neutral position for these two landmarks. We recommend
that the neutral position of shoulder is a better way to localize
the LHBT.

5. Limitations

Firstly, although 25 subjects were conducted for this pilot
study, further study including increased sample size could
help improve the accuracy of the measurements and increase
its generalisability. Secondly, this measurement is reliable
only if the coracoid process, LHBT, and medial epicondyle of
humerus and LHBT are intact as was the case in our subjects.
If the coracoid process and medial epicondyle of humerus
are fractured or the LHBT is dislocated, these measurements
cannot provide guidance about where the LHBT may be
found. Thirdly, intraobserver and interobserver error were
not included because all measurements were made by one
author.
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6. Conclusion

We used two new anatomical landmarks for biceps tendon
groove localization. The medial epicondyle vertical line is a
useful anatomical landmark to localize the biceps groove. It
lies approximately 1 centimeter medial to the biceps groove
when the shoulder is in the neutral position and about 2 cen-
timeters when shoulder is at 45 degrees of external rotation.
This anatomical landmark based localization is not correlated
with subject’s weight, height, or BMI. The coracoid process
landmark is also a useful anatomical landmark to localize
the biceps groove. It lies approximately 4.4 centimeters when
the shoulder is in the neutral position, about 6.2 centimeters
when the shoulder is at 45 degree of external rotation. No
correlation exists between the distance to the biceps groove
andweight, height, or BMI in 0∘ of shoulder external rotation,
whereas a moderate correlation with height exists in 45∘ of
shoulder external rotation. Those two anatomical landmarks
allow for efficient and safe identification of the tendon of the
long head of biceps brachii when examining or injection.

Abbreviations

BMI: Bone mass index
CI: Confidence interval
LHBT: Long head of the biceps tendon
GH: Glenohumeral joint
SLAP: Superior labrum anterior to posterior.
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Quantitative evaluation of the hemiparesis status for a poststroke patient is still challenging. This study aims to measure and
investigate the dynamic muscle behavior in poststroke hemiparetic gait using ultrasonography. Twelve hemiparetic patients
walked on a treadmill, and EMG, joint angle, and ultrasonography were simultaneously recorded for the gastrocnemius medialis
muscle. Pennation angle was automatically extracted from ultrasonography using a tracking algorithm reported previously. The
characteristics of EMG, joint angle, and pennation angle in gait cyclewere calculated for both (affected andunaffected) sides of lower
limbs.The results suggest that pennation angle could work as an important morphological index to continuousmuscle contraction.
The change pattern of pennation angle between the affected and unaffected sides is different from that of EMG. These findings
indicate that morphological parameter extracted from ultrasonography can provide different information from that provided by
EMG for hemiparetic gait.

1. Introduction

Hemiparesis refers to the sensorimotor impairments on only
one side of the body commonly observed in poststroke
patients [1]. Gait recovery is a major objective in the reha-
bilitation of hemiparesis patients. Quantitative gait analysis
is the best way to evaluate the complex gait dysfunctions that
are rela ted to inappropriate control of the central nervous
system or changes in the mechanical properties of the muscle
[2]. Diverse gait analysis techniques, of which the most
commonly used include measurement of temporospatial gait
parameters [3, 4], electromyography (EMG) [5], kinematics
[6, 7], and kinetics [8], have been developed. In addition,
some brain imaging techniques, such as functional magnetic
resonance imaging (fMRI) [9] and positron emission tomog-
raphy (PET) [10], have provided an approach to studying
the neural circuitry involved in poststroke motor control.

Several articles have reviewed how these techniques have
been used to quantify the abnormal patterns in hemiparetic
gait [2, 11, 12].

The architecture of skeletalmuscle, defined as the geomet-
ric arrangement of muscle fibers, is a primary determinant
of muscle function. Therefore, assessing the morphological
changes in muscle provides an alternative measurement of
muscle activity [13]. Since ultrasonography (US) offers the
unique advantages of being noninvasive, real-time, and easily
accessible, it has been widely applied to measure in vivo
changes in muscle during static and dynamic contractions
[14–16]. US has been showed to reliably measure changes
in muscle thickness [17, 18], fiber length [19, 20], pennation
angle [21–23], fascicle curvature [24], and cross-sectional
area [16]. Several studies investigated the effect of post-
stroke impairments on muscle architecture as measured by
ultrasound during static contraction [25, 26]. The results
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Table 1: Patient characteristics.

Subject Age
(year) Gender

Time
poststroke

(day)

Affected
side

Brunnstrom
motor stage

1 45 Male 50 Left 3
2 60 Male 130 Right 4
3 45 Male 25 Left 4
4 46 Male 211 Right 4
5 44 Female 197 Left 3
6 62 Female 64 Left 4
7 47 Male 119 Left 3
8 69 Male 731 Right 5
9 77 Male 53 Right 4
10 55 Male 76 Right 4
11 70 Female 30 Right 5
12 39 Male 18 Right 3

showed significant architectural changes in the affected side
due to weakness in the muscle after stroke. However, all
the previous ultrasonography studies measured the static
architectural values under different contraction conditions,
and the continuous muscle behavior during hemiparetic gait
has not previously been clarified. Although some studies
have applied US to investigate the dynamic muscle behavior
during human running and walking [27, 28], it has seldom
been used in a hemiparetic gait study.

In this study, an experimental and data analysis platform
was employed to dynamically capture EMG, joint angle,
and ultrasonography signals. The gaits of twelve hemiparetic
patients were measured and the characteristics of their
muscle behaviors were analyzed. The goal of this study is
to investigate the dynamic muscle behavior for poststroke
hemiparetic gait using ultrasonography.

2. Patients and Methods

2.1. Patients. Both chronic and subacute stroke patients were
included in this study. A total of twelve patients (9 male and
3 female) participated. Their mean age was 54.9 years (SD =
12.4 years), and the mean poststroke time was 142 days (SD
= 196.2 days). The characteristics of the patients are shown in
Table 1.The studywas approved by the local ethics committee,
and all participants gave their written informed consent.

2.2. Experimental Procedure. All patients walked on a tread-
mill at a self-selected speed for 60 s. The walking speed is
between 1.0 km/h and 1.5 km/h. In some cases, in order to
ensure security, the patients were allowed to hold onto a rail
to maintain their balance. For each patient, the experimental
procedure was performed twice for test on each of the lower
limbs (the affected and unaffected sides). The subjects rested
for several minutes after each test.

2.3. Data Acquisition and Synchronization. The EMG, joint
angle, and US were simultaneously recorded from the gas-
trocnemius medialis (GM) muscle during walking. A real-
time B-mode ultrasonic scanner (Sonostar Technologies Co.,
Guangzhou, Guangdong, China) with an electronic linear
array probe was used to obtain longitudinal ultrasound
images of the GM muscle. As shown in Figure 1, the ultra-
sound probe was secured steadfastly by a custom-designed
adjustable bracket on the mid-belly of GM muscle. The long
axis of the probe was carefully arranged aligning with the
middle line of the GMmuscle. Ultrasound gel was applied to
secure acoustic coupling between the probe and the skin.The
B-mode images outputted from the scanner were digitized
by a video capture card (Weishi Digital Image Technology
Co., Xian, Shanxi, China) with a frame rate of 25Hz. Surface
bipolar Ag-AgCl EMGelectrodes (Tianrun SunshineMedical
Supplies Co., Beijing, China) with a diameter of 2 cm were
used to capture the EMG signal. Two electrodes were placed
on one side of the probe. The line between the centers of
the electrodes was parallel to the long axis of the probe.
A reference EMG electrode was placed near the kneecap.
The joint angle of the ankle was measured by an electronic
goniometer (model XM110; Penny & Giles Biometrics, Ltd.;
Gwent, United Kingdom) attached in the sagittal plane
between the anterior tibia and the dorsum of foot. The
surface EMG signal was amplified by an amplifier with a
gain of 2,000, filtered by a 10–400Hz band-pass analog filter
(EMG100C, BIOPAC Systems Inc., Goleta, CA, USA). The
angle signal was amplified by an amplifier with a gain of
2,000, filtered by a 5–100Hz band-pass analog filter (DA100C,
BIOPAC Systems Inc., Goleta, CA, USA). Both signals were
digitized by a 12-bit data acquisition card (DAQ USB-6216,
National Instruments Corporation, Austin, TX, USA) with
a sampling rate of 1 KHz. The ultrasound images, EMG, and
joint angle signals were simultaneously collected and stored
for offline analysis using custom-developed software under
the LabVIEW environment.

2.4. Image Processing. Thepennation angle of the GMmuscle
was extracted from the ultrasound image sequence using
an automatic tracking algorithm. Specifically, we enhanced
the ultrasound image using Gabor filtering and then used
revotingHough transform (RVHT) to obtain the orientations
of the major fascicles and took their mean as the final
pennation angle. The details of the algorithm were described
elsewhere [21, 23].

2.5. EMG and Angle Signals Processing. The EMG signal was
segmented into 256ms epochs. The center of each epoch
was aligned in time with the corresponding ultrasound
image according to the timestamp, so that the epochs were
synchronized with the image sequence in the time domain.
The root mean square (RMS) values of the EMG were
calculated for each epoch.The angle signal was synchronized
with the ultrasound images in the same way.

2.6. Statistical Analysis. For each patient, the minimum and
maximum values of the joint angle and pennation angle
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Ultrasound probe
EMG electrodes

Goniometer

Figure 1: Experimental setup.

were extracted for each trial. The group means of joint
angle and pennation angle were calculated for the trials of
both the affected and the unaffected sides. A Kolmogorov-
Smirnov (K-S) test was performed to compare the joint
angle, EMG, and pennation angle between the affected side
and unaffected side. To demonstrate the spatial patterning
of the muscle activity, a 2-dimensional histogram based on
the distributions of the joint angle and pennation angle was
calculated.

For each patient, the EMG, joint angle, and pennation
angle signals were manually checked by an experienced
operator. The joint angle signal was used as a reference to
segment the gait cycles. Eight gait cycles, in which all the
three signals have no breaks, weremanually selected. For each
signal, the time curves in the eight gait cycles were averaged
to obtain the mean time curve for each patient. Then the
interindividual mean curve among the twelve patients was
computed for each signal.

3. Results

Figure 2 shows the EMG and angle signals from one rep-
resentative trial on the affected side. The RMSEMG curve is
also overlapped in the figure. One set of typical US images
from the same trial is shown in Figure 3. The corresponding
time course of the pennation angle, which was automatically
extracted from the ultrasound image sequence, is shown in
Figure 4. Figure 5 shows the scatter plots of the joint angle ver-
sus the pennation angle for a typical trial.The interindividual
mean curves of gait cycle for the three signals for both affected
and unaffected sides are displayed in Figure 6. For visual
clarity, the standard deviation (SD) is not displayed in this
figure. Instead, the average SDover each curvewas calculated.
For the unaffected side, themean SD values are 5.2 degrees for
joint angle, 34.4 𝜇V for EMG, and 4.0 degrees for pennation
angle. For the affected side, themean SD values are 7.7 degrees
for joint angle, 6.2 𝜇V for EMG, and 1.8 degrees for pennation
angle. The comparisons of the joint angle, pennation angle,
and EMG between the affected side and the unaffected side
are shown in Figure 7. For the comparisons for the minimum
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Figure 2: Time curves of the EMG and joint angle during a
representative trial on the affected side. The RMSEMG curve is
overlapped onto the raw EMG curve.

values, the 𝑝 values are 0.01, 0.04, and 0.63 for joint angle,
EMG, and pennation angle, respectively. For the comparisons
for the maximum values, the 𝑝 values are 0.01, 0.03, and 0.62
for joint angle, EMG, and pennation angle, respectively.

4. Discussion

In this study, we simultaneously collected US, EMG, and
joint angle signals from the GM muscle during hemiparetic
gait. The purpose was to examine the contraction patterns
of the lower extremity muscle activity and to compare
these between the affected and unaffected sides. To the best
of our knowledge, this is the first attempt to investigate
continuous muscle behavior during hemiparetic gait using
ultrasonography.

The conventional techniques for gait analysis are mea-
surement of temporospatial parameters, EMG, kinematics,
and kinetics. Of these techniques, kinetic variables refer
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Figure 3: Typical ultrasound images of the medial gastrocnemius muscle during walking.
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Figure 4: Dimensional change in the pennation angle in a typical
trial on the affected side.

to moments resulting from forces generated at the joints.
This information is particularly helpful in understanding and
interpreting the characteristics of stroke gait because kinetic
variables are the results of the kinematic and temporospa-
tial outcomes of walking [11]. However, kinetic variables
cannot be measured directly but rather are computed by
inverse dynamics. In contrast, muscle functions, such as
the amplitude of force production, are closely related to
architectural characteristics [13]. Therefore, dynamic muscle
architectural changes assessed by ultrasonography are more
direct measurements than kinetic variables and have the
potential to provide more information about stroke gait.
Some previous studies have demonstrated that ultrasonogra-
phy is helpful in measuring the effect of poststroke impair-
ments [25, 26]. However, all the previous ultrasonography
studies measured static architectural values at discrete times
during contraction. Therefore, continuous muscle behavior

during hemiparetic gait has remained unclear. In this study,
we developed an image tracking algorithm to automatically
extract continuous changes in the pennation angle of the GM
muscle, making it possible to identify muscle morphology at
a higher temporal resolution.

As shown in Figure 5, the dynamic ranges of the joint
angle and the pennation angle were more diffuse for the
affected side than for the unaffected side. However, as shown
in Figure 7 for the composite mean level, the maximum and
minimumvalues of the pennation angle do not differ between
the two sides, but those of the joint angle do. This finding
was different from the previous study [29] which reported
decreased pennation angle of medial gastrocnemius muscle
at separate ankle joint angles. One possible reason for the
difference is that our study and that study were conducted
under different conditions (dynamic gait and controlled
manner, respectively). Although a reasonable explanation for
the relationship between the pennation angle and joint angle
may involve additional neuromuscular investigations and is
beyond the scope of this report which is presented frommore
of an engineering perspective, it is encouraging to see that
the proposed method has made it possible to reveal such
findings. Another advantage of the proposed method is that
US signal can reveal more information about the hemiparetic
pattern than the conventional EMG signal. As shown in
Figure 6, the EMG curves for affected and unaffected sides
have similar waveformswith significant amplitude difference.
The pennation angle curves for affected and unaffected
sides have relatively small amplitude difference. Instead,
the two curves have significantly different timing. These
findings indicate that morphological parameter extracted
fromultrasonography can provide different information than
that provided by EMG.

The experiment setup in this study has several shortcom-
ings. First, though we tried to keep the probe in the same
imaging plane via visual feedback from one sampling time
to the next, the imaged section of the 3D muscle structure
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Figure 5: Correlations between the pennation angle and joint angle for (a) the unaffected side and (b) the affected side in a typical trial.
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Figure 6: The interindividual mean curve of gait cycle among the twelve patients for (a) joint angle, (b) EMG RMS, and (c) pennation angle
for both affected and unaffected sides. For visual clarity, the standard deviation (SD) is not displayed in this figure.
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Figure 7: Minimum and maximum joint angle and pennation angle values for both sides during walking. An asterisk indicates that the two
groups are significantly different.

was not completely consistent. Consequently, the pennation
angle estimations could have included inaccurate values.
In other words, it is impossible for longitudinal imaging
of a muscle to adequately reflect the 3D motion of the
muscle. Better imaging facilities and setup, as well as more
comprehensive modeling, can help to disclose the pennation
angle dynamics in ultrasound images in future studies. This
problem is actually common to all current 2D US methods.
Second, we did not use a fixed walking speed for all the
patients. It is well known that speed has strong influences in
the gait pattern, in respect to both kinematics and kinetics.
However, each patient has his own adapted speed and he
may not be used to another speed without training.Therefore
patients walked at a self-selected speed in this study. At
last, the ankle angle is conventionally defined as positive
values for dorsiflexion and negative values for plantar flexion.

However, this angle is difficult to measure because it requires
attachment of goniometer sensor to bottom of foot. In this
study, we measured the angle between the anterior tibia and
the dorsum of foot as alternative for ankle angle. The two
angles are directly related and both of them can be used as
reference for gait cycle.

5. Conclusion

In this study, the gaits of twelve hemiparetic patients were
measured and the characteristics of their muscle behaviors
were analyzed. The results suggested that morphological
parameter extracted from ultrasonography can provide dif-
ferent information from that provided by EMG. Thus, ultra-
sonography can be a useful additional tool for the assessment
of hemiparesis patients in clinical applications.
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This study aimed to investigate degradation of the articular cartilage and loss of the cancellous bone in an ovariectomized (OVX)
rat model simulating early human menopausal stage. Fourteen health female Sprague-Dawley rats were randomly divided into
two groups (𝑛 = 7 per group): an OVX group that underwent bilateral ovariectomy to create an OVX model with low estrogen
levels and a sham group in which only the periovarian fatty tissue was exteriorized. All the animals were sacrificed at 3 weeks after
ovariectomy.The left tibiae were harvested.The articular cartilage at medial tibial plateau (MTP) and lateral tibial plateau (LTP) was
assessedwith quantitative high-frequency ultrasound.The cancellous bonewas evaluated withmicro-CT.The results indicated that,
in comparison with the sham rats, the OVX rats exhibited significant alterations in acoustic parameters of the articular cartilage
but insignificant changes inmicroarchitectural parameters of the cancellous bone in early stage of low estrogen levels.The results of
this study suggest that cartilage degradation induced by estrogen reduction was detected earlier with quantitative ultrasound than
that of the cancellous bone loss in 3wk OVX rats.

1. Introduction

Osteoporosis (OP) and osteoarthritis (OA) are severe pro-
gressive diseases with high prevalence in the elderly and affect
bothmen and women. However, the incidence of OP andOA
increases in menopausal women. Main consequence of OP is
the increased risk of bone fractures due to abnormalities in
amount and microarchitectural arrangement of bone tissue.
OA, on the other hand, causes pain and disability of one or
many synovial joints resulted from progressive degradation
of the articular cartilage with alterations in the bone and
surrounding structures. These two diseases play a negative
role in the longevity and health of menopausal women.

Both the bone and articular cartilage are the target tissues
of estrogens. It has been found that estrogen receptors (ER)
such as ER𝛼 and ER𝛽 exist in osteoclasts, osteoblasts, and
articular chondrocytes [1–3]. Estrogen deficiency exacer-
bates bone resorption exceeding bone formation resulting in
menopausal OP [4–6].The low estrogen level induces a faster
loss of knee joint cartilage inmenopausal women than inmen

of the same age [7]. The degradation of articular cartilage
is one of indications of the early OA and can trigger the
occurrence of menopausal OA [8].

Therefore, the menopause-related changes in estrogen
levels affect generation of both bone and articular cartilage
and thus induce the pathogenesis of OP and OA. Due to their
high prevalence in elderly women, it could be anticipated
that OP and OA coexist frequently. However, a defined rela-
tionship between OP and OA has not yet clearly delineated.
There are conflicting findings. Some studies reported that OA
was associated with higher bonemineral density (BMD), that
is, an inverse relationship between OA and OP [9–11]. Some
studies suggested a positive association between OP and OA
that bone loss occurred with cartilage loss in OA patients
[12, 13]. One study interestingly found that both high and low
BMD conditions could induce OA [14]. Others did not find a
relation between cartilage degradation and bone loss [15].

Furthermore, the occurrence of OA and OP is found to
be of site-relevance [9]. However, the clearly defined site-
relationship between OA and OP is still debatable. Okano
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et al. found that end-stage hip OA induced lower BMD in
the calcaneus but higher BMD in the spine and radius [16].
Lethbridge-Çejku et al. reported that knee OA patients had
higher BMD in spine but not in hip [17], whileMultanen et al.
suggested that knee OA menopausal women had higher hip
bone strength [11]. Therefore, more investigations are needed
to delineate associations between cartilage degradation and
bone loss at different anatomic locations.

To effectively evaluate BMD, dual-energy X-ray absorp-
tiometry (DXA) has been widely used [10, 11, 16]. DXA,
however, provides little information of bone structure.Micro-
computed tomography (micro-CT), a high resolution imag-
ing tool, is used in quantitative assessments of osteoporotic
alterations and therapeutic improvements in microarchitec-
tural characteristics of the trabecular and cortical bone in
the OP animal model [18–20]. Quantitative ultrasound, on
the other hand, is used to characterize the degeneration of
articular cartilage [21–23].

Therefore, the present study focused on menopausal
alterations in the bone and articular cartilage in the tibia.
We applied bilateral ovariectomy to create an OVX rat
model with low estrogen levels and then assessed early-stage
alterations in the bone and articular cartilage with micro-CT
and quantitative ultrasound.

2. Materials and Methods

2.1. Animal Care and Experimental Protocol. Fourteen female
Sprague-Dawley rats, aged 10months old andweighting 299.1
to 383.8 g, were used in this study.They were purchased from
Guangdong Medical Laboratory Animal Center, China, and
individually kept in metal cages under 12-hour light-dark
cycle with standard rat diet andwater ad libitum.The animals
were randomly divided into two groups (𝑛 = 7 per group): an
OVX group that underwent bilateral ovariectomy to create
an OVX model with low estrogen levels and a sham group
in which only the periovarian fatty tissue was exteriorized.
After ovariectomy, the animals were returned to their cages
and fed according to the aforementioned feeding protocol.
Before conducting the experiments, ethical approval of this
study (SYXK[Yue]2008-0002) was obtained from the Animal
Experimental Ethical Inspection Committee of Guangdong
Medical Laboratory Animal Center, China. Experiments on
rats were performed in accordance with the Guidelines for
the Care of Laboratory Animals of the National Institutes of
Health.

All animals, weighting 309.9 to 423.3 g, were euthanized
with an overdose of sodium pentobarbital (P3761, Sigma,
USA) 3 weeks after ovariectomy. The left tibias were excised,
harvested, and stored at −20∘C until the ultrasound examina-
tion.

2.2. Ultrasound Examinations. Before ultrasound scanning,
the tibial sample to be measured was thawed in a saline
solution for 2 hours. Then, the specimen was vertically fixed
with a clamp and immersed in saline in the container. A
square region of 0.3mm × 0.3mm on the top surface of

Medial tibial plateau 
(MTP) 

Tibia 

Lateral tibial plateau 
(LTP) 

Figure 1: Schematic of the areas scanned by ultrasound biomi-
croscopy (two blue dotted squares 0.3mm × 0.3mm on the medial
and lateral tibial plateaus) and micro-CT (two blue dotted lines pre-
senting the volume of interest of the tibial metaphysis, approximately
0.1mm in thickness).

cartilage tissue from the medial tibial plateau (MTP) and
lateral tibial plateau (LTP)was, respectively, selected as region
of interest (ROI) (Figure 1) and perpendicularly placed to the
ultrasound beam.

The ultrasound system was comprised of an ultra-
sound pulser/receiver (Olympus 5900 PR, Panametrics-NDT,
Waltham, MA, USA), a 50MHz transducer (Olympus, PI50-
2-R0.75, Panametrics-NDT), and a computer with a 12-bit A/
D acquisition card (CompuScope 12400, Gage, ON, Canada).
The ultrasound scanning over ROIwas controlled by custom-
developed software to move the transducer with a 3D trans-
lating stage (ETSN400, Tian-Rui-Zhong-Hai Instrument,
Beijing, China). After the transducer was properly positioned
approximately 1 cm above the cartilage tissue, the ultrasound
examination started. The ultrasound radiofrequency (RF)
signals were saved for offline parameter extraction.

Four parameters were then automatically extracted from
ultrasound RF signals processed using a self-developed
MATLAB program (The MathWorks, Natick, MA, USA):
ultrasound roughness index (URI) of the cartilage surface,
reflection coefficient of the cartilage surface (RC1), reflection
coefficient of the cartilage-subchondral bone interface (RC2),
and the thickness (ℎ) of the cartilage tissue.These parameters
were defined by (1)–(4), respectively.

URI = √ 1𝑚
𝑚∑
𝑖=1

(𝑑𝑖 − 𝑑)2 (1)

RC1 = 1𝑚
𝑚∑
𝑖=1

𝐴 𝑖𝐴 ref × 100% (2)

RC2 = 1𝑚
𝑚∑
𝑗=1

𝐴𝑗𝐴 ref × 100% (3)

ℎ = 1𝑚
𝑚∑
𝑖=1

(𝐶cartilage × TOF𝑖2 ) . (4)
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In these equations, 𝑚 is the total number of the sampling
lines that is equal to 100 in this study. In (1), 𝑑𝑖 represents the
distance from the transducer surface to the cartilage surface
in the sampling line 𝑖 and 𝑑 is the mean of 𝑑𝑖. In (2) and
(3),𝐴 𝑖,𝐴𝑗, and𝐴 ref , respectively, represent the peak-to-peak
amplitude of the echoes from the cartilage surface in the
sampling line 𝑖, from the cartilage-bone interface in sampling
line 𝑗, and from a perfect reflector. In (4), TOF𝑖 is the time-of-
flight from the cartilage surface to the cartilage-bone interface
in the sampling line 𝑖, and𝐶cartilage is the average sound speed
(equal to 1675m/s) in the cartilage.

2.3. Micro-CT Measurements. After ultrasound examina-
tions, the tibial samples were fixed in 4% paraformaldehyde
solution for more than 72 hours. Then, 3D microarchitecture
of the cancellous bone was assessed using a micro-CT system
(𝜇CT80, Scanco Medical, AG, Switzerland) with energy set-
tings of 55 kV and 145 𝜇A.The proximal tibial metaphysis was
scanned starting at approximately 1mm distal to the growth
plate (Figure 1). A total of 100 consecutive tomographic CT
slices were taken from proximal to distal with thickness of
0.01mm per slice.

In order to analyze the cancellous part of the tibial
metaphysis, the trabecular area was contoured manually slice
by slice. Then, the trabecular volume of interest (VOI) of
the tibial metaphysis was reconstructed by a reconstruction
software (Scanco Medical, AG, Switzerland). The micro-CT
analysis was performed, giving an isotropic voxel size
of 12 𝜇m. Trabecular number (Tb.N), trabecular thickness
(Tb.Th), trabecular separation/spacing (Tb.Sp), connectivity
density (Conn.D.), and structure model index (SMI) were
extracted to characterize the trabecular microarchitecture of
the cancellous bone in menopausal rats. Moreover, BV/TV,
which stands for mineralized bone volume over total volume
of the given VOI, was used to evaluate relative changes in
bone volume density.

2.4. Statistical Analysis. Statistical analyses were performed
with SPSS Statistics (Version 20, IBM, Armonk, NY, USA).
All values in the text were presented as mean ± standard
deviation (SD). The statistical differences in the acoustic
parameters and the micro-CT parameters between the OVX
and sham groupswere analyzed usingMann–WhitneyU test.
Significant differences were accepted with 𝑝 ≤ 0.05.
3. Results

3.1. Results of Ultrasound Examinations. From the results of
ultrasound examination of the articular cartilage at MTP
(Figure 2), we found significant alterations in the surface
cartilage tissue in the OVX group. In comparison with the
sham group, RC1 of the OVX group significantly decreased(𝑝 < 0.01). URI of the OVX group significantly increased(𝑝 < 0.05) indicating that the surface of articular cartilage
became rougher in the early-stage of low estrogen levels. Fur-
thermore, the cartilage thickness in theOVX rats significantly
decreased (𝑝 < 0.05). However, no significant alteration (𝑝 >

0.05) was found in RC2, which is related to the property of
the cartilage-subchondral bone interface.

Similar to the findings of MTP, significant alterations
in the surface cartilage tissue at LTP were observed in the
OVX group compared with the sham group (Figure 3). The
significant changes in URI (𝑝 = 0.05) and cartilage thickness(𝑝 < 0.01) were observed in the OVX group. However, no
significant changes (𝑝 > 0.05) in RC1 and RC2 were found in
the OVX group compared with the sham group.

3.2. Results of Micro-CT Scanning. The 3D reconstruction
of the trabecular bone structures in the proximal tibial
metaphysis by micro-CT is shown in Figures 4(a) and 4(b).
The remarkable change of cancellous bone was not observed
between the sham and OVX rats, although some of the
connecting rods were missed in the OVX group.

The results of quantitative micro-CT assessment indicate
no statistical difference (𝑝 > 0.05) in bonemicroarchitectural
parameters between the OVX and sham groups (Figures
4(c)–4(h)).

4. Discussion

This study focused on the knee joint, especially the tibia, and
applied micro-CT and quantitative ultrasound to evaluate
alterations in the bone and articular cartilage in an OVX rat
model. The primary finding of this study was that significant
changes in acoustic parameters of articular cartilage were
detected in the rats with ovariectomy, whereas there were
insignificant changes in microarchitecture of the cancellous
bone. These results indicated that although both articular
cartilage and bone are target tissues of estrogens, the degrada-
tion of the articular cartilage induced by estrogen deficiency
occurred earlier and its characterizations could be detected
by quantitative ultrasound. This study provides evidence to
previous study suggesting that cartilage degradation might
occur in an early stage of low estrogen levels [24].

The cartilage results of this study are similar to those
of previous study showing that disuse-induced significant
changes in the cartilage tissue [25]. However, disuse simul-
taneously induced cartilage degradation and bone loss [26].
This may be due to the fact that the articular cartilage and
bone are subjected to high loads under gravitation force
during daily walking, running, and jumping. Loading is
important for keeping knees healthy. Therefore, the two tis-
sues are sensitive to disuse or unloading. Although previous
studies reported that estrogens affect the synthesis of both
articular cartilage and cancellous bone through the receptor
activator nuclear factor-kappa B ligand (RANKL) signaling
pathway [27, 28], the present study suggested a rapid response
of the articular cartilage to estrogen deficiency.

The definite relationship between OP and OA still
expected more efforts. Herrero-Beaumont et al. reported
that both high and low BMD conditions might initiate
cartilage degradation in OA [14]. In this study, no signif-
icant alterations in the cancellous bone in the 3wk OVX
rats were found, whereas cartilage degradation was shown.
Furthermore, a tendency of deterioration in the trabecular
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Figure 2: Comparisons of ultrasound results measured at medial tibial plateau (MTP) between the OVX and sham groups. (a) Reflection
coefficient (RC1) of the cartilage surface; (b) ultrasound roughness index (URI); (c) cartilage thickness (ℎ); and (d) reflection coefficient (RC2)
of the cartilage-bone interface. ∗Statistically significant difference at level 𝑝 < 0.05 exists between OVX group and sham group. ∗∗Statistically
significant difference at level 𝑝 < 0.01 exists between OVX group and sham group.

bone was shown in Figure 4, which is consistent with the
findings (a decrease in BV/TV and Tb.N with an increase in
Tb.Sp and SMI) of previous studies discovered in the 4wk
OVX rats [29], 6 wk OVX rats [30], and 12wk OVX rats
[19]. Brouwers et al. [31], however, showed significant dete-
rioration in BV/TV, Tb.N, and Tb.Th in the 1 wk OVX rats.
One possible cause of this divergence might be different ages,
weight, and species of the investigated animals. 10-month-old
Sprague-Dawley rats used in this study were in an old stage
similar to the 50–60-year-old women, whereas 5.5-month
rats were young adult rats. The findings of previous studies
and this study implicate that the sudden estrogen deficiency
after ovariectomy may have dissimilar significant effect on
bone structure in the elderly rats to that in adult rats.

The present study has some limitations. Firstly, this study
was limited in the detection of OP and OA occurred at the
proximal tibia. Because OP and OA may occur at different
joints and mechanisms of OP and OA are complex, the
findings of previous studies are debatable, indicating that a
defined relationship between OP and OA has not yet clearly
delineated so far. Therefore, this study preliminarily focused
on the tibia in the knee joint finding that the early effect
of estrogen deficiency on the articular cartilage was faster
detected using quantitative ultrasound than that on the can-
cellous bone detected usingmicro-CT. Secondly, in consider-
ation of the relatively small sample size of each experimental
group, nonparametric analyses were used in this study to
reduce some impacts on the statistical results. In future,
further studies with more samples are expected on the basis
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Figure 3: Comparisons of ultrasound results measured at lateral tibial plateau (LTP) between the OVX and sham groups. (a) Reflection
coefficient (RC1) of the cartilage surface; (b) ultrasound roughness index (URI); (c) cartilage thickness (ℎ); and (d) reflection coefficient (RC2)
of the cartilage-bone interface. ∗Statistically significant difference at level p < 0.05 exists between OVX group and sham group. ∗∗Statistically
significant difference at level 𝑝 < 0.01 exists between OVX group and sham group.

of the preliminary result of this study.The other limitation of
this study is one time point. In the light of previous studies
showing that the bone loss occurred in a relative late-stage (4
weeks after the ovariectomy operation) [19, 29, 30], this study
aimed to detect the early alterations in tibial cartilage and
cancellous bone 3 weeks after ovariectomy operation. How-
ever, according to our results, changes in the cartilage tissue
at more time points such as 1 week or 2 weeks after ovariec-
tomy are needed to be determined in future by quantitative
ultrasound during the progression of menopause.

In conclusion, this study demonstrated that degradation
of articular cartilage was detected earlier with quantitative
ultrasound than that of the cancellous bone in 3wk OVX
rats. These results have implications that deterioration of the
cartilage tissue after estrogen deficiency developed faster than
cancellous bone. However, due to inconsistent findings of OP
and OA, further studies are expected.
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Ultrasonic guided waves have recently been used in fracture evaluation and fracture healing monitoring. An axial transmission
technique has been used to quantify the impact of the gap breakage width and fracture angle on the amplitudes of low order
guided wavemodes 𝑆0 and𝐴0 under a 100 kHz narrowband excitation. In our two dimensional finite-difference time-domain (2D-
FDTD) simulation, the long bones aremodeled as three layers with a soft tissue overlay andmarrow underlay.The simulations of the
transversely and obliquely fractured long bones show that the amplitudes of both 𝑆0 and 𝐴0 decrease as the gap breakage widens.
Fixing the crack width, the increase of the fracture angle relative to the cross section perpendicular to the long axis enhances the
amplitude of 𝐴0, while the amplitude of 𝑆0 shows a nonmonotonic trend with the decrease of the fracture angle. The amplitude
ratio between the 𝑆0 and 𝐴0 modes is used to quantitatively evaluate the fracture width and angles. The study suggests that the
low order guided wave modes 𝑆0 and 𝐴0 have potentials for transverse and oblique bone fracture evaluation and fracture healing
monitoring.

1. Introduction

Long bone fractures are typically classified by their shape
complexity, locations, such as transverse, oblique, spiral,
comminuted, compression, and greenstick fractures, and so
forth [1]. Approximately 7.9 million patients sustain fractures
in the United States annually, and up to 10% go on to have
impaired bone healing, resulting in a delayed union or a
nonunion [2]. More than 3 million incident fractures at a
cost of $35 billion are predicted for 2025 [3]. Long bone
fractures represent one of the most commonly sustained
injuries following trauma and account for nearly 4% of
emergency department visits in the United States each year
[4]. Therefore, fracture diagnosis and subsequent healing

monitoring are vital [5–7]. Although conventional X-ray
radiographies are still the most common methods to eval-
uate fractures and monitor the subsequent healing process,
ultrasonic measurement is emerging as an alternative owing
to its advantages of being quick, portable, noninvasive, and
inexpensive [4, 8–14]. Especially for pediatric long bone
fractures, ultrasound does not necessitate exposing children
to ionizing radiation, which has been linked with cancer
[4, 15].

Pulse echo ultrasonic imaging showed its advantage in
pediatric fracture assessment owing to children’s relative
thinner soft tissue compared with that of adults [10]. Li et al.
proposed a split-step Fourier echo imagingmethod to process
the signals measured by axial scanning and image the oblique
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cracks in the cervine long bone plate, which illustrates the
potential of better resolution for ultrasound imaging [16].
However, ultrasonography still cannot detect fractures with
a width less than 1mm [9].

Axial transmission ultrasound has drawnmore andmore
attention recently [17–20]. Two techniques have already
been proposed, first arriving signal (FAS) [17, 20–23] and
guided wave [19, 24–27]. 2D-FDTD simulations and in vitro
experiments on the bovine tibia have been performed, and
the results illustrated that both transverse and oblique cracks
resulted in the amplitude loss and velocity decrease of FAS
[20]. The increase of the fracture angle would impair the
sensitivity of the crack width assessment. Further simulation
and experimental measurements of bovine femur samples
in vitro were performed [21, 28], and the influence of bone
mineralization was analyzed. The results showed that the
speed of the FAS could reflect the long bone fracture healing
stages. An in vitro experiment on the sheep tibia confirmed
that the speed of FAS had the capability to detect the long
bone fracture healing stages [29]. FAS is found to be relatively
low magnitude compared with the subsequently arriving
guidedwaves and is only sensitive to changes in the periosteal
regions along the propagating path of the long cortical bone
[21].

Ultrasonic guided waves propagate throughout the whole
waveguide with great sensitivity to the boundary conditions,
such as the endosteal and periosteal regions of the long
cortical bone. Previous numerical and experimental studies
mainly focus on relatively high frequency [19, 26, 32]. The
propagation of guided waves in long bones with different
healing stages was analyzed using finite element simulation,
and it was found that the cortical fracture significantly
affected the propagation of guided waves [19, 26]. However,
the serious mode overlap and conversion prevent accurate
quantification. Many mode recognition and separation algo-
rithms have been proposed, such as the Radon transform [33,
34], wideband dispersion reversal method [35], sparse SVD
based mode extraction [36], time-frequency ridge extraction
[25], and joint spectrum separation ridge extraction [37].
However, limited by the complexity of clinical measurement,
the severe multimode overlap still highly complicates the
ultrasonic guided wave based long cortical bone fracture
evaluation.

Recently, a narrowband frequency excitation of the low
order guided modes was applied to evaluate the fracture of
the long cortical bone,which significantly simplifies themode
identification and signal processing [27, 38, 39]. Simulation
studies and in vitro experiments demonstrated that only two
fundamental modes, 𝑆0 and 𝐴0, can be excited, and the
mode conversion between 𝑆0 and 𝐴0 is capable of indicating
the depth of the diaphyseal cracks [27]. However, in the
previous study, only transverse cracks are analyzed in the
results. Actually bone fractures are often in irregular shapes
andwith oblique angles to the axial direction of the long bone.
Aiming to investigating the impact of irregularities of cortical
fractures, a 2D-FDTD simulation was carried out in this
paper. We attempt to quantitatively illustrate the possibilities
of using low order guided waves to evaluate the oblique
fractures in long bones.
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Figure 1: Group velocity dispersion curves of a free bovine tibia
cortical bone plate. The red and black lines are the symmetric and
asymmetric Lamb modes, respectively.

2. Methods

2.1. Guided Mode Excitation. Ultrasound propagation
through a waveguide is always accompanied with the mode
conversion between shear and longitudinal waves. After
multiple refractions and reflections, wave packets with a
similar phase will propagate together as a stable guided
mode. Guided waves in the plates, also named Lamb waves,
can be general grouped as symmetric and antisymmetric
modes according to their different vibration features. In a
plate, the vibration is constrained to the Rayleigh-Lamb
equations [40]:

tan (𝑝ℎ/2)
tan (𝑞ℎ/2)

+
(𝑘2 − 𝑞2)

2

4𝑝𝑞𝑘2
= 0 symmetric

tan (𝑝ℎ/2)
tan (𝑞ℎ/2)

+
4𝑝𝑞𝑘2

(𝑘2 − 𝑞2)2
= 0 anti-symmetric

𝑘2 = 𝜔
2

𝑉𝑝2
, 𝑝2 = 𝜔

2

𝑉𝐿2
, 𝑞2 = 𝜔

2

𝑉𝑇2
,

(1)

where ℎ is the plate thickness and the angular wave number
𝑘 is the ratio between the phase velocity 𝑉𝑝 and angular
frequency 𝜔. 𝑉𝐿 and 𝑉𝑇 are the bulk longitudinal and shear
wave velocities, respectively. The numerical solutions of (1)
constitute the dispersion curves which can be expressed as
functions of the frequency thickness product 𝑓 ⋅ ℎ.

Group velocity dispersion curves of a free cortical bone
plate are shown in Figure 1, where the red and black lines are
the symmetric and antisymmetric Lambmodes, respectively.
The material parameters of cortical bone are given in Table 1.

As shown in Figure 1, only two Lamb modes exist at
the low frequency thickness (𝑓 ⋅ ℎ) range (<1MHz⋅mm). On
the contrary, at the high 𝑓 ⋅ ℎ range (>1MHz⋅mm), there
exist many high order modes which brings the challenges
of mode separation. Thus, simulations are performed on
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Table 1: Parameters of cortical bone and soft tissue.

Tissue 𝜌 (g/m3) 𝑉𝐿 (km/s) 𝑉𝑇 (km/s) Attenuation (dB⋅cm−1⋅MHz−1)
Cortical bone [20] 2.00 4.20 2.00 5.09
Soft tissue [30] 0.92 1.47 0.10 1.20
Marrow [31] 0.10 1.40 0.07 0.80

Receiver

Cortical bone

Soft tissue Crack width

Perfectly matched layers (PML)

PM
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PM
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Marrow

Transducer
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h = 4mm
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Figure 2: Simulation model of obliquely fractured long bone (ℎ = 4mm) with overlying 2mm thick soft tissue and underlying 10mm thick
marrow.

the low 𝑓 ⋅ ℎ range. Narrowband low frequency sinusoids
(5-cycle Gaussian-modulated pulse with a 100 kHz central
frequency) are employed in our simulation to merely excite
two fundamental guided waves, symmetric mode 𝑆0 and
asymmetric mode 𝐴0.

2.2. Numerical Simulation and Models. The numerical sim-
ulation of the axial transmission ultrasound in the long
bone is performed using a self-developed two-dimension
(2D) finite-difference time-domain (FDTD) software that
can numerically solve the wave field in the time and space
domains [20, 23]. As shown in Figure 2, a model with
dimension of 300mm × 16mm is used tomodel the obliquely
fractured long bone.

The long bones are built as three layers, 2mm thick
overlaying soft tissue, 4mm thick cortical bone, and 10mm
thick marrow. The perfectly matched layers (PML) were
arranged at the two ends of the model and the beneath
the marrow layer to avoid the reflection. A free boundary
condition is applied on upper layer of soft tissue. In the
middle of the cortical bone layer, a crack is set with a width
𝑤 and fracture angle 𝜃 relative to the 𝑦-axis. The crack width
𝑤 changes from 0mm (intact) to 1mm with an interval of
0.125mm. The fracture angle 𝜃 changes from 0∘ (vertical) to
83∘. Constrained by the model’s resolution of 0.025mm, the
fracture angle cannot be set continuously. Consequently, the
fracture angles are modeled with 0∘, 14∘, 18∘, 26∘, 37∘, 45∘, 53∘,
63∘, 76∘, and 83∘. A pair of transducers are kept in contact
with the soft tissue with the incident angle of 0∘. The radius
of the transducer is 5mm. The distance from the transmitter
to the central 𝑦-axis 𝑧1 is 60mm, and the distance from the
receiver to the central 𝑦-axis 𝑧2 is changeable from 30mm
to 90mmwith an interval of 2.5mm.Thematerial properties
used in the simulation are given in Table 1, and the simulation
temporal discretization is 0.015𝜇s.

2.3. Data Processing. In this study, a low frequency narrow-
band Gaussian-modulated pulse is used to avoid multimode
overlapping. Thus, only two fundamental guided modes, 𝑆0
and 𝐴0, are excited in the received guide waves, so that
the mode packets can be identified and separated by simple
temporal windows [38, 41].

The peak amplitude of the 𝐴0 and 𝑆0 wave packets
is obtained to calculate the amplitude ratio between the
two modes. The energy characteristics of the 𝐴0 mode and
𝑆0 mode are investigated with fracture angles and widths
variation.

The propagation delays of these two convertedmodes can
be calculated by (2a) and (2b) [27]. If 𝑧1 equals 𝑧2, the wave
packets of the two convertedmodes merge into a mixed wave
packet propagating between the original 𝑆0 and 𝐴0modes

𝑇 (𝐴0𝑆0) =
𝑧1
𝑉𝑆0
+ 𝑧2
𝑉𝐴0
, (2a)

𝑇 (𝑆0𝐴0) =
𝑧1
𝑉𝐴0
+ 𝑧2
𝑉𝑆0
. (2b)

At 100 kHz, the duration of the 5 cycle excitation
Gaussian-modulated pulse is 50 𝜇s, and the group velocities
of 𝑆0 and 𝐴0 are 3.95 km/s and 1.51 km/s, respectively. We
measure the peaks of the two wave packets in time domain,
which are the maximum amplitudes of the two original
modes 𝑆0 and 𝐴0 and calculate the amplitude ratio between
them for use in evaluating the long bone crack width with
different fracture angles.

3. Results

Figure 3 shows the envelope curves extracted from fractured
long bones with different fracture degrees and fracture
oblique angles. The envelope amplitude is depicted in differ-
ent colors with maxima in red and 0 in gray.The propagation
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Figure 3: The envelope diagrams of the received signals (90mm < 𝑧 < 150mm) with different fracture degree and oblique angles, (a) intact
model, (b) transverse fracture model with 0.5mm wide crack, (c) transverse fracture model with 1.0mm wide crack, (d) 45∘ oblique fracture
model with 0.5mm wide crack, (e) 45∘ oblique fracture model with 1.0mm wide crack, (f) 83∘ oblique fractured model with 0.5mm wide
crack, and (g) 83∘ oblique fracture model with 1.0mm wide crack.
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Figure 4: Amplitudes of 𝐴0 change as functions of the crack width 𝑤 and the fracture angle 𝜃; (a) with a fixed 𝜃, the 𝐴0 amplitude curves
with𝑤 variation; (b) with a fixed 𝑤, the 𝐴0 amplitude curves with 𝜃 variation; and (c) the B-spline fitting results of𝐴0 amplitude to 𝜃 and 𝑤.

distance 𝑧 varies from 90mm to 150mm with an interval of
2.5mm.

Figure 3(a) shows the envelopes of the received wave-
forms with two Lamb modes 𝑆0 and 𝐴0 in the intact bone.
The amplitude of antisymmetric mode 𝐴0 is much higher
than that of 𝑆0, because of the perpendicular incidence and
reception angles. No converted modes are observed in this
model. However, in Figures 3(b) and 3(c) for transverse
fracture with 0.5mm and 1mm wide cracks, both the 𝑆0 and
𝐴0 amplitudes attenuate significantly. As shown in Figures
3(d) and 3(e), the converted modes can be observed from the
results of the 45∘ oblique fracture. According to the velocity
analysis, the converted modes usually exist between the two
original modes 𝑆0 and𝐴0. Furthermore, the peak amplitudes
of the conversion modes and original mode are difficult to be
extracted due to mode overlapping. For larger fracture angle
models in Figures 3(f) and 3(g), it seems that the original
mode energy still can transmit through the cracks without
obvious appearance of the converted modes. With a fixed
fracture angle, the increasing of the crack width may lead to
the amplitude reduction of both 𝑆0 and𝐴0, such as in Figures
3(a), 3(b), and 3(c). In Figures 3(b), 3(d), and 3(f), with a

fixed crack width, the increasing fracture angle may lead to
the amplitude increasing of transmitted energy of the 𝐴0
mode, but the change of the 𝑆0 amplitude is nonmonotonic.
To quantitatively illustrate the mode conversion, we further
investigate different models with crack and fracture angle
variation.

3.1. 𝐴0 Mode Amplitude Analysis. Figure 4(a) presents the
𝐴0 amplitude changes as functions of the crack width and
fracture angles.Thepropagation distance 𝑧 is fixed at 120mm.
With the crack width increasing, a decrease trend of the 𝐴0
amplitude can be observed, which is sensitive to the small
crack (𝑤 < 0.25mm).

The𝐴0 amplitudes decrease more than 95% in the 0∘ and
18∘ fractures, but they are almost constant as 𝑤 increases to
large angles (𝜃 > 53∘). Figure 4(b) shows the variation of
the 𝐴0 amplitude with the fracture angle. The 𝐴0 amplitude
obtained from the intact model is set as a benchmark.The𝐴0
amplitude shows three stages in the increase of the fracture
angle: a slow increase for small angles (𝜃 < 20∘), a rapid
increase for the range of 20∘∼50∘, and a final slow increase for
large angles (𝜃 > 50∘). Figure 4(c) shows the 𝐴0 amplitude
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Figure 5: Amplitudes of 𝑆0 change as functions of crack width 𝑤 and fracture angle 𝜃; (a) with a fixed 𝜃, the 𝑆0 amplitude curves with 𝑤
variation; (b) with a fixed 𝑤, the 𝑆0 amplitudes curves with 𝜃 variation; and (c) the B-spline fitting results of 𝑆0 amplitude to 𝜃 and 𝑤.

changes with the crack width and fracture angle in three
dimensions. A B-spline fitting is performed to obtain the
smooth amplitude functions. It shows that, comparing with
the wide cracks and transverse fractures, the narrow cracks
or the large angle oblique cracks can enhance the 𝐴0 mode
transmission with larger 𝐴0 amplitude. The sensitivity of the
𝐴0 amplitude to the crack width and fracture angle shows
potentials for fracture evaluation.

3.2. 𝑆0 Mode Amplitude Analysis. Figure 5(a) presents the
𝑆0 amplitude changes as functions of the crack width with
different fracture angles. The propagation distance 𝑧 is fixed
at 120mm. The 𝑆0 amplitude obtained in an intact model
is used as a benchmark. With a fixed fracture angle, the 𝑆0
amplitude decreases with the crack widening. As shown in
Figure 5(b), with a fixed crack width, the 𝑆0 amplitude shows
a nonmonotonic trend with the fracture angle variation, and
the minimal 𝑆0 amplitude is obtained at the range of 30∘
to 60∘, which is smaller than the amplitude obtained in the
model with a transverse fracture.The 𝑆0 amplitude decreases

as the fracture angle increases, and then it increases as the
fracture angle further increases, ultimately coming close to
the value of the intact model at 83∘. Figure 5(c) shows the B-
spline fitting results of the 𝑆0 amplitude variation with the
crack width and fracture angle in three-dimensional form.
It can be found that the 𝑆0 amplitude generally decreases as
the crack width increases, but it also shows a nonmonotonic
trend to the fracture angle.

3.3. Impact of Crack Width and Fracture Angle on 𝑆0/𝐴0.
The above results indicate that the 𝑆0 and 𝐴0 amplitudes can
reflect the 𝑤 change of fractured long bones with different
angles. However, in actual clinical use, the magnitudes of
the guided modes are easily affected by many factors such
as the coupling conditions and excitation energy. Thus, the
amplitude ratio between 𝑆0 and𝐴0 can be adopted as a more
robust parameter.

To investigate the impact of the propagation distance, the
average amplitude ratios are computed from themultichannel
signals (90 < 𝑧 < 150mmwith an interval of 2.5mm). Figures
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Figure 6: Amplitude ratios (dB) between 𝑆0 and 𝐴0 varying as functions of crack width 𝑤 and fracture angle 𝜃; (a) with a fixed 𝜃, the
amplitude ratio (dB) changes with𝑤, where the error bars denote the standard errors for results obtained at different propagation distances 𝑧
(90 < 𝑧 < 150mm); (b) with a fixed crack width 𝑤, the amplitude ratio (dB) changes with 𝜃, where the error bars denote the standard errors
for results obtained at different propagation distances 𝑧 (90 < 𝑧 < 150mm); and (c) distance 𝑧 = 120mm, the B-spline fitting results of the
amplitude ratios (dB) varying with fracture angle 𝜃 and crack width 𝑤.

6(a) and 6(b) present the amplitude ratio changes with the
variance of𝑤 and 𝜃, respectively, where the error bar denotes
the root mean square errors (RMSE) of the ratios obtained at
different propagation distances for each fractured model.

As shown in Figure 6(a), for small angles (𝜃 < 26∘),
the amplitude ratio increases with 𝑤. Comparing with the
intact model, the amplitude ratios between the 𝑆0 and 𝐴0
modes in the fracture bone increase by values of 27.4 dB and
7.8 dB for 0∘ and 26∘, respectively. However, for large angles
(𝜃 > 26∘), the amplitude ratio decreases with the crack width
by an average of 12.4 dB. Comparing to the intact model,
with the oblique fracture angles of 53∘ and 63∘, amplitude
ratios between the 𝑆0 and 𝐴0modes decrease by 19.8 dB and
22.9 dB, respectively.

Figure 6(b) presents the amplitude ratio of 𝑆0 and 𝐴0
varying with the fracture angle. It can be seen that the
amplitude ratio curves first decrease as the fracture angle
increases and then increasewith angle increases. For 0.25mm

and 1mm wide cracks, the turning points are approximately
35∘ and 60∘. It can be found that, with a wide crack, the turn
points of the amplitude ratio curves appear out with large
angle.

The results reveal that the propagation distance has a
small impact on the amplitude ratio with an average RSME
of 0.78 dB. Furthermore, it is notable in Figures 6(a) and 6(b)
that the largest RMSE of the amplitude ratio between the
𝑆0 and 𝐴0 modes can be obtained in the fractured bones
with a small oblique angles (0∘, 26∘, and 37∘) and large crack
widths (𝑤 > 0.5mm). For other fracture angles (𝜃 > 26∘),
the average RSME of the amplitude ratio between the 𝑆0
and 𝐴0 modes is 0.46 dB. The small RSME reveals that the
propagation distance variation between 60mm and 150mm
has a small impact on the amplitude ratio parameter.

Figure 6(c) is the B-spline fitting result of the amplitude
ratio parameter varying with the fracture angle 𝜃 and crack
width 𝑤 at a 120mm distance. As shown in Figure 5(a), the
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line cross actually indicates that, in the oblique fractured
bone model, with the crack widening the decline slopes
of the 𝑆0 amplitude curves are different. The decline slope
corresponding to the 63∘ fracture is more negative than those
of other angles. Such a phenomenon also can be learned from
the amplitude ratios curves between the 𝑆0 and 𝐴0modes in
Figure 6(c). It can be seen that the amplitude ratiomay be able
to indicate the oblique angle and the crack width of the bone
fractures.

4. Discussion

This study presents a quantitative investigation of using low
order guidedwavemodes to evaluate long bone fractureswith
oblique fracture angles. A 2D-FDTD simulation is performed
in a three-layer model. Using a 100 kHz narrowband excita-
tion, only two guided wave modes, 𝑆0 and 𝐴0, are excited.
The impact of the crack width and fracture angle on the 𝑆0
and 𝐴0 amplitudes is thoroughly studied. The crack width
increase leads to amplitude decreases for both the 𝐴0 and
𝑆0modes (Figures 4(a) and 5(a)). The 𝐴0 amplitude shows a
monotonic relationship with the fracture angle (Figure 4(b)),
while the 𝑆0 amplitude shows a nonmonotonic relationship
(Figure 5(b)). Although only simulation is performed in
this study, the simulation results yielded interesting findings,
including the use of the amplitude ratio to evaluate the
crack width and fracture angle (Figures 6(a) and 6(b)). These
findings illustrate the potential of guided mode conversion
for the quantitative prediction of the cortical bone fracture
degree and healing status.

To reduce the influence of the coupling and excitation, the
amplitude ratio between 𝑆0 and𝐴0 is adopted to evaluate the
long bone fracture degree. The amplitude ratio shows a two-
stage change with the fracture angle (Figure 6(b)). In the first
stage, the amplitude ratio decreases as the angle increases, and
the average decrease at different widths is 6.1 dB/10∘. In the
second stage, the amplitude ratio increases with the further
increase in the angle, and the average increase at different
widths is 4.9 dB/10∘. The increase of crack width raises the
amplitude ratio for small angles (𝜃 < 26∘) (Figure 6(a)), while
it decreases the amplitude ratio for large angles (𝜃 > 26∘).The
amplitude ratio between 𝑆0 and𝐴0 shows a great capacity for
fracture width detection with different fracture angles, even
for very small crack widths (𝑤 < 1mm): 27.4 dB/mm for
a transverse fracture, 19.2 dB/mm for a 18∘ oblique fracture,
−19.8 dB/mm for a 53∘ oblique fracture, and −22.9 dB/mm for
a 63∘ oblique fracture (Figure 6(a)).

It has been demonstrated that when the cortical bone
thickness (ℎ) is much larger than the longitudinal wave
length (𝜆), the speed of FAS is larger than that of the 𝑆0
mode, but for very thin plate, the speed of the FAS signal
approaches the velocity of 𝑆0 mode [17]. Numerical and
experimental results showed that the detection accuracy of
the amplitude of FAS for the transverse and oblique crack
widths was approximately 2 dB/mm in a 6mm thick long
bone plate at an excitation of 200 kHz (ℎ ≈ 0.3𝜆) [20]. In
the performed study, as the excitation frequency is 100 kHz
and the cortical bone plate thickness is 4mm (𝜆 ≈ 40mm,
ℎ ≈ 0.1𝜆), the FAS can be regarded as the ultrasonic Lamb

mode 𝑆0. Compared with high frequency excitation, these
simulation results show that the amplitude ratio between
𝑆0 and 𝐴0 may also be used to detect the crack width.
In addition, for the oblique fracture model with a 37∼63∘
fracture, the 𝑆0 amplitude significantly decreases as the crack
width increases, so it is relatively hard to measure mode
𝑆0. Therefore, the incident angle should be optimized to
increase the excitation of 𝑆0. The different distance signal
results reveal that the propagation distance has a small impact
on the amplitude ratio, with an average RSME of 0.78 dB.
These results indicate the theoretical feasibility for the clinical
application.

In the performed simulation, we consider that the crack
surface is uniform, but it is actually irregular, which will
affect the propagations of 𝑆0 and 𝐴0. Moreover, the crack
region is filled with soft tissue in our simulation, while
actually the tissue in the crack site will gradually recover,
with a callus appearing and changing during the healing
[26, 42–44]. Further experiments are needed to validate our
hypothesis that the amplitude ratio between the 𝑆0 and 𝐴0
modes can indeed facilitate long bone fracture and healing
process evaluation.

5. Conclusions

The impacts of the crack width and fracture angle on the low
order guided wave 𝑆0 and 𝐴0 amplitudes were studied in
a three-layer model (soft tissue, cortical bone, and marrow)
using the 2D-FDTD simulation. The results show that the 𝑆0
and𝐴0 amplitudes decrease as the crack width increases.The
𝐴0 amplitude increases as the fracture angle increases, while
the 𝑆0 amplitude firstly decreases and then increases. To avoid
the influence of coupling conditions and excitation signals,
the use of the amplitude ratio between 𝑆0 and𝐴0 is proposed
to evaluate crack width changes at different fracture angles.
The results indicate that the amplitude ratio between 𝑆0 and
𝐴0 is sensitive to the crack width in fractures with different
oblique angles.The amplitude ratio shows good capability for
crack width evaluation, with sensitivities of 25.1 dB/mm for
a transverse fracture, 18.7dB/mm for an 18∘ oblique fracture,
and−23.3 dB/mm for 53∘ oblique fracture.The average RSME
of 0.78 dB for different propagation distances indicates the
small distance impact on the amplitude ratio. Thus, the
amplitude ratio between 𝑆0 and 𝐴0 has the capability of
reflecting the long bone fracture status, including the crack
width and angle.The variation of the amplitude ratio with the
crack width and fracture angle was further discussed, which
shows its goodpotential formonitoring the fracture angle and
crack width in fractured long cortical bone.
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The aim of this study was to investigate the changes of musculotendon parameters of triceps brachii in persons after stroke based on
subject-specific biomechanical modeling technique combined with in vivo ultrasound measurement. Five chronic stroke survivors
and five normal control subjects were recruited. B-mode ultrasoundwas applied tomeasuremuscle pennation angle and the optimal
length of three heads of triceps’ brachii at different joint angle positions in resting and isometric contraction. Measured ultrasound
data were used to reduce the unknown parameters during the modeling optimization process. The results showed that pennation
angles varied with joint angles, and the longhead TRI pennation from stroke group was smaller than the literature value. The
maximum isometric muscle stress from persons after stroke was significantly smaller than that found in the unimpaired subjects.
The prediction of joint torque fits well with the measured data from the control group, whereas the prediction error is larger in
results from persons after stroke. In vivo parameters from ultrasound data could help to build a subject-specific biomechanical
model of elbow extensor for both unimpaired and hemiplegic subjects, and then the results driven from the model could enhance
the understanding of motor function changes for persons after stroke.

1. Introduction

The movement disorders presented in persons after stroke
include weakness, spasticity, and muscle cocontraction,
which causes difficulties for achieving critical activities in
daily life [1–3]. Coordinated human movement is a complex
behavior, even for a seemingly simple one-degree-of-freedom
task. For example, elbow extension movement is modulated
by the coordinated action of at least three extensor muscles
[4]. Forces generated by these muscles are transferred to the
bones via the tendons and affect motion of the joint [5]. Since
in vivo muscle forces cannot be measured directly, computer
modeling is a useful tool for enhancing our understanding
of muscle force change related to aging [6] and pathological
disease [7, 8].Themodeling approach can describe the kinetic

response of activated muscle at different angle contractions,
represent the force producing characteristics of the muscle,
and compute the individualmuscle force andmoment during
motor tasks. The modeling technique has been successfully
applied to many human joints of the upper arm, such as the
hand [9], wrist [10, 11], and elbow [7, 12–14].

However, one of the major challenges in musculoskele-
tal modeling is to accurately estimate the musculotendon
parameters on a subject-specific basis. Sensitivity analysis
has shown that musculoskeletal model behavior tends to be
very sensitive to the values of musculotendon parameters
[11, 15]. For example, when amuscle is constantly activated, its
moment arm, physiological cross section area (PCSA), and its
operating range (what portion of the isometric force-length
relationship curve the muscles use during joint rotation)
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are the key factors that characterize maximum moment-
generating capacity as a function of joint position [16].

Ultrasound imaging techniques have been used to obtain
the parameters of musculotendon in vivo and noninvasively
[17]. Accuracy of the ultrasoundmethod inmeasuringmuscle
architecture features has also been demonstrated to show
good agreement with direct anatomical measurement on
a cadaver [18]. The pennation angle and muscle fascicle
length are two architectural variables readily measured by
using ultrasound imaging previously [19, 20]. Our previous
ultrasound study on brachialis of persons after stroke showed
there were significant muscle changes of affected side com-
pared to those from the unaffected side [21]. Stroke survivors
often present a flexed elbow [22]. The literature has shown
that elbow extension impairment after stroke is sometimes
even worse than flexion. For example, Zackowski and col-
leagues investigated reaching movement from hemiparetic
subjects and found reaching out movement which involved
more elbow extension was worse versus the reaching up
condition [3]. In addition, in a review of clinical studies of
upper movement in hemiplegic cerebral palsy, the results had
shown that elbow extension is reduced and compensated by
increased truck flexion to reach an object [23]. However,
there is limited knowledge about the architectural changes
of triceps brachii after stroke as well as how these muscle
structural alterations contribute to the changes of force
generation in stroke survivors.Therefore, the investigation of
the mechanisms underlying changes in elbow extension after
neurological insult is warranted, and biological modeling
could provide important insights into it. Due to the variation
of the impairments on persons after stroke, it may be better
to obtain the parameters in vivo to acquire more precise
information for the modeling on the specific subjects.

This study extended our previous efforts on elbow flexor
modeling to design a subject-specific method of muscu-
loskeletal model using in vivo ultrasound data on the elbow
extensors and aimed to investigate the feasibility of estimating
the musculotendon parameters during elbow extensions of
both unimpaired subjects and persons after stroke. Our
hypothesis is that the maximal isometric muscle stress, one
of the modeling outputs, would be less on the affected side
of stroke group compared to that from control group. In
addition, different contributions of three heads of triceps
(long, lateral, and medial) to elbow extension could also be
evaluated and compared between stroke and control subjects.
It is hoped that, through this ultrasound-combined subject-
specific technique, we can enhance our understanding of the
muscle parameters and force generating capacity changes of
individual stroke survivors on elbow extension and help to
design suitable rehabilitation intervention for them.

2. Materials and Methods

2.1. Subject Recruitment. Five persons after stroke and five
normal subjects were recruited for this study. Clinical char-
acteristics of the persons after stroke were summarized in
Table 1. The selection criteria were (1) a single unilateral
lesion of the brain with the duration of stroke more than
1 year; (2) having spasticity with Modified Ashworth Score

Table 1: Clinical characteristics of the 5 hemiparetic subjects
including Modified Ashworth Scale [24].

Subject Age (y)
and sex

Years after
injury Arm affected

Modified
Ashworth
Score [24]

LI 63 (F) 3 L 3
CO 52 (M) 4 L 2
CH 61 (M) 2 R 1
ZH 52 (F) 4 L 1+
WO 44 (M) 4 L 1
F, female; M, male; R, right; L, left.

(MAS) larger than 1 and sufficient passive range of motion
(flexion is up to 105∘) at the elbow joint; (3) adequate mental
ability to understand the experimental tasks as instructed;
(4) no surgical procedure on the affected side of the upper
limb; (5) absence of significant medical complications. The
participants gave informed consent following the ethical
procedures and this studywas approved by the human subject
ethics subcommittee of local university.

2.2. Model Consideration. In this study, cylinder and sphere
shape of wrapping objects have been applied to simulate
the humerus head and capitulum on the muscle path in the
geometry model. Via points were determined to allow the
muscle to move around the bone surface during joint move-
ment. The whole wrapping muscle path was then defined
by connecting the origin, via points, and insertion point of
that particular muscle [25]. The musculotendon length (𝑙𝑚𝑡)
from muscle origin to muscle insertion points was estimated
through summing each line segment on the whole muscle
path in SIMM (Software for Interactive Musculoskeletal
Modeling, MusculoGraphics, Inc., USA) and then scaled
on subject-specific bases based on the segment ratio from
anthropometric measurements. Then, 𝑙𝑚𝑡 was determined as
follows:

𝑙𝑚𝑡 = 𝑛−1∑
𝑖=1

𝑃𝑖+1 − 𝑃𝑖 , (1)

where 𝑃1, 𝑃2, . . . , 𝑃𝑛 are muscle via and attachment points on
the path of each muscle and we allowed the joint angle range
of 0∘–130∘ with an increment of 1∘.𝑙𝑚𝑡 is then used to estimate moment arm (MA) as
the following partial derivative of joint angle (𝜃) with the
following equation:

MA = 𝜕𝑙𝑚𝑡𝜕𝜃 . (2)

The biomechanical characteristics of musculotendon
dynamics could be evaluated by a modified Hill-type model
that describes force-length and force-velocity relationships of
the muscle at active and passive contraction conditions and
the elastic properties of the tendon [26]. The force generated
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by each musculotendon complex can be calculated as in the
following equations:

𝐹𝑡 = 𝐹𝑚 ⋅ cos𝛼 = 𝐹𝑧 [𝑓𝑎 (𝑙) 𝑓 (V) 𝑎 (𝑡) + 𝑓𝑝 (𝑙)] cos𝛼, (3)

𝐹𝑧 = PCSA ⋅ 𝜎𝑚, (4)
where 𝐹𝑧 is the maximum isometric muscle force, 𝜎𝑚 is the
maximum isometric muscle stress, 𝑎(𝑡) is the activation level,
and 𝛼 is the pennation angle. During maximum isometric
voluntary elbow extension, it is assumed that all the elbow
extensors are fully activated (i.e., 𝑎(𝑡) = 1). 𝑓𝑎(𝑙) is the force-
length relationship of contractile element and 𝑓𝑝(𝑙) is the
parallel muscle force of passive elastic element [27]:

𝑓𝑝 (𝑙) = 𝐴𝑃 ⋅ [𝑒𝑘𝑝𝑒(𝑙−𝑙𝑚𝑜)/𝑙𝑚𝑜 − 1] ,
𝑓𝑎 (𝑙) = sin[𝑏1 ⋅ ( 𝑙𝑙𝑚𝑜)

2 + 𝑏2 ⋅ 𝑙𝑙𝑚𝑜 + 𝑏3] . (5)

Herein, the coefficients𝐴𝑃 = 0.129, 𝑘𝑝𝑒 = 4.525, 𝑏1 = −1.317,𝑏2 = −0.403, and 𝑏3 = 2.454.
Tendon is taken as a nonlinear spring for which the

nominal force-strain relationship is composed of two regions
(i.e., an initial exponential relationship and a linear relation-
ship for larger deformations) which satisfied the following
relationship:

𝐹𝑡 (𝜀𝑡) = {{{
𝐹𝑧 ⋅ 𝐴 ⋅ (𝑒𝑘1𝜀𝑡 − 1) 0 ≤ 𝜀𝑡 < 𝜀𝑐𝑘2 ⋅ 𝐹𝑧 ⋅ (𝜀𝑡 − 𝜀𝑐) + 𝐹𝑐 𝜀𝑡 ≥ 𝜀𝑐, (6)

where 𝜀𝑡 is tendon strain at tendon length 𝑙𝑡 (i.e., 𝜀𝑡 = (𝑙𝑡 −𝑙𝑡𝑜)/𝑙𝑡𝑜), 𝜀𝑐 is the tendon strain at tendon length 𝑙𝑡𝑐 (i.e., 𝜀𝑐 =(𝑙𝑡𝑐−𝑙𝑡𝑜)/𝑙𝑡𝑜), 𝑙𝑡𝑜 is the tendon slack length, and 𝑙𝑡𝑐 is the tendon
length at which tendon force shifts from nonlinear to linear
region. Based on the experimental results from other studies,
Zajac [26] constructed a generic nominal force-strain curve
of tendon and estimated the dimensionless coefficients for the
tendon force-strain relationship: 𝐴 = 0.1238; 𝑘1 = 81.1438;𝑘2 = 37.5; and 𝐹𝑐/𝐹𝑧 = 0.5. In addition, Zajac [26] found the
linear region that begins after tendon is stretched by 2% (i.e.,𝜀𝑐 = 0.02) and the corresponding stress is 16MPa; the strain
of the tendon at which the tendon force equals maximum
isometric muscle force 𝐹𝑧 is tendon independent and equals
3.3% and the corresponding stress is also tendon independent
and equals 32MPa [26].

Equation (6) is used to calculate tendon force, and
together with (3)∼(5) on estimating muscle force, all the
equations are substituted into (3).

Tendon length (𝑙𝑡) was estimated from the whole mus-
culotendon length (𝑙𝑚𝑡), muscle fascicle length (𝑙𝑚), and
pennation angle (𝛼): 𝑙𝑡 = 𝑙𝑚𝑡 − 𝑙𝑚 cos𝛼. (7)

The torque generated by the elbow extensors duringmax-
imumvoluntary contraction (MVC) could be calculated from
the summation of eachmuscle’s contribution, considering the
moment arm of each muscle:

𝑇 (𝜃) = 3∑
𝑖=1

𝐹𝑖 (𝜃) ×MA𝑖 (𝜃) , (8)

where 𝐹𝑖(𝜃) is the tendon force and MA𝑖(𝜃) is the moment
arm of each prime elbow extensor 𝑖 (i.e., 1: the medial head
of triceps brachi (MHT), 2: the lateral head of triceps brachii
(LatHT), and 3: long head of triceps brachii (LngHT) at joint
position 𝜃).
2.3. Ultrasound Measurement. B-mode ultrasound machine
with a 7.5-MHz, 38mm probe (resolution of 0.3mm)
(Sonosite 180 Plux, Sonosite Inc., USA) was applied to
measure elbow extensor’s pennation angle and optimal length
at the optimal angle when the muscle is fully activated [28].
Based on (7) and the definitions ofmuscle optimal length and
tendon slack length, the following equation was applied for
the calculation of the tendon slack length (𝑙𝑡𝑜):

𝑙𝑡𝑜 = 𝑙𝑜𝑚𝑡 − 𝑙𝑚𝑜 ⋅ cos𝛼𝑜, (9)

where 𝑙𝑜𝑚𝑡, 𝑙𝑚𝑜, and 𝛼𝑜 are the musculotendon length, muscle
optimal length, and pennation angle at the optimal angle of
the elbow joint, respectively.

The optimal angle, which is the joint angle that cor-
responds to the muscle optimal length, determines the
operating range in a length-tension relationship by the joint
movement and tendon excursion. Previous studies reported
the optimal joint angle of elbow extension is 90∘ [29] and
since the triceps brachii contribute nearly 80% of themoment
to the joint, it is reasonable to assume that the 90∘ was set
as optimal angle of triceps in this study. Similar angle was
applied in a study in literature recently [16].

During the experiment, the subject was seated in a height-
adjustable chair, with the arm to be tested put on the arm
holder of a custom-made dynamometer (motor: Dynaserv,
Yokogawa, Japan; torque sensor: AKC-205A, China Academy
of Aerospace Aerodynamics, accuracy of 0.03Nm, China).
The motor can drive the arm holder to exact testing position
and the torque sensor could measure the generated elbow
extension torque from the subject during isometric contrac-
tion.The testing plane of the arm is parallel to the floor at the
same height as the shoulder, with the shoulder abducted 90∘
and flexed 0∘.

For each elbow joint position from 0∘ to 105∘ with 15∘
increment, the probe was put in the posterior part of the
upper arm and the position of the probe was on the muscle
belly which is just in themiddle of the upper arm, formeasur-
ing MHT and LngHT. The probe was then parallelly moved
2 cm to the lateral direction to measure LatHT. Coupling gel
(Parker Aquasonic 100 Gel, USA) was applied to enhance
ultrasound conduction between the ultrasound probe and the
skin surface. Typical ultrasound images taken of the prime
elbow extensors and the demonstration of calculating the
muscle architectural parameters are shown in Figure 1. The
ultrasound images were stored in the computer and analyzed
offline (UTHSCSA imaging tool, USA) to estimate themuscle
architecture parameters.

2.4. Torque and EMG Data Recording. The setup of exper-
iment in second stage of EMG and torque data collection
was shown in Figure 2. The testing position of torque and
EMG is similar to ultrasound measurement. Briefly, each
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Figure 1: Typical ultrasonography imaging of the prime elbow extensors: long head of triceps brachii (LngHT), medial head of triceps brachii
(MHT), and lateral head of triceps brachiimuscle. (a)Original ultrasound image ofMHT and LngHT; (b)MHTand LngHT imagewith labels;
(c) original ultrasound image of LatHT; and (d) LatHT image with labels. In (a) and (b), the APO (bright fringe in the middle region) shows
the boundary between MHT and LngHT.The white fringe in the lower range is the muscle-bone boundary (MHT-humerus). In (c) and (d),
the bright fringe shows the muscle-bone boundary (LatHT-humerus). In (b) and (d), 𝐿𝑓 is the visualized part of the entire muscle fascicle
length; MT1and MT2 are the distance of the fiber proximal end to the bone and the distance of the fiber distal end point to the superficial
aponeurosis, respectively; AT is adipose tissue; 𝛼 is the pennation angle.

subject sat on the assessment chair and the forearm was
attached to the arm holder, which was connected to the
end of the torque sensor. An orthosis with semicircular
cross section was attached to the arm holder. The subject’s
forearm was placed inside the orthosis and straps were used
to fasten the forearm. The upper arm was also fastened by
a strap to a supporter mounted on the upper aluminum
plate. The orthosis and arm holder could guide the forearm
to rotate with an axis of rotation in line with the motor
and the torque sensor. The subject was asked to grasp the
handle of the arm holder and could voluntarily perform
elbow extension in the horizontal plane. A screen with
visual feedback was placed in front of the subject to provide
guidance (Figure 2). There were three trials of extension at
each testing position and each contraction lasted for around 5

seconds. A two-minute recovery period was allowed between
contractions to minimize muscle fatigue.

In this study, surface electrodes were applied to record
the myoelectric activities of the target muscles to record
the activities of many motor units within a muscle [30].
Bipolar pregelled Ag/AgCl surface electrodes (Noraxon dual
electrode, Noraxon Inc., USA), placed 3 cm apart, were used
to record EMG of the three elbow extensors. An additional
reference electrode was placed distant lateral of the elbow,
over the skin surface of olecranon. Electrode placement
was verified by functional muscle testing. Torque and EMG
signals were recorded with a sampling frequency of 2000Hz
and stored on a PC computer via the data acquisition (DAQ)
card (PCI 6036E, National Instrument, Texas, USA). The
amplifier gain for surface EMG signal is 1000.
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Figure 2: Experiment setup of EMG and torque data collection
in MVC. Surface EMG electrodes were attached on long, medial,
and lateral head of triceps brachii. In this photo, the elbow was
positioned at the 90∘ flexed position.

2.5. EMG and Torque Data Processing. The digitized EMG
and elbow torque signals were processed offline. A detailed
analysis on MVC torques and the associated EMG of prime
elbow extensors was performed.The torque signals were low-
pass filtered (fourth-order Butterworth filter) at 5Hz. The
torque data measured at different elbow angles were curved-
fitted to the lowest-order polynomial equation with an R2
value greater than 0.9. This torque-angle relationship would
be incorporated into the model to calculate the musculo-
tendon parameters of each target muscle. The raw surface
EMGwere band-pass filtered (fourth-order Butterworth filter
10Hz–500Hz) and then rectified and further processed with
a 100ms moving average window. The filtered EMG signals
were normalized by peak value of EMG amplitude measured
during the MVC test.

2.6. Optimization Process. The optimization program calcu-
lated the individual maximum muscle force for each prime
elbow extensor individually. The optimization algorithm
tried to minimize the root mean square difference between
the polynomial fitted with a third-order function and torque-
sensor measured maximal isometric extension torques with
the range from 10∘ to 100∘ at elbow joint, with increments of
2∘ [31]:

minimize F = √∑46𝑖=1 (𝑇𝑚𝑖 − 𝑇𝑝𝑖 )246 , (10)

where 𝑇𝑚 is the measured elbow extension torque and 𝑇𝑝 is
the predicted elbow extension torque. As mentioned before,
the input parameters of the model included the muscle
optimal length and pennation angle from the ultrasound
measurements and the musculotendon length and moment
arm from the geometric model after subject-specific scaling
based on segment length from upper arm and forearm.
The optimization of maximum isometric muscle force was
conducted in two steps. In the first step, the optimization
scheme would produce the value of maximum isometric
muscle stress in order to obtain a suitable initial value and
proper searching boundary for the main process of the
optimization in the second step. In step 1, the samemaximum
isometricmuscle stress valuewas assumed for all prime elbow
extensors [13]. The value of PCSA for each muscle was scaled
using literature data [32], based on the ratio of the upper
arm circumference of cadaver and our subjects. The search
process was one full dimensional Nelder-based simplex call
[33] and it continued until the root mean square difference
between the measured torque and the estimated torque was
minimized. The results from the first step provided the value
of maximum isometric muscle stress of the prime elbow
extensors which was multiplied by PCSA of each muscle to
obtain the initial value ofmaximum isometricmuscle force to
be used in the second step of optimization. In step 2, plus and
minus 15% percent of the initial value were used as the upper
and lower boundaries (for the stroke simulation, the initial
boundary was set to 30% considering the lower activation
level of the affected muscle due to the stroke). The three
muscles’ maximum isometric muscle forces became variables
and the same optimization scheme and constraints as the
first step were applied in the second step. The optimization
scheme was to stop when the root mean square difference of
the measured torque and calculated torque was minimized.
After obtaining the maximum isometric muscle force, the
maximum isometric muscle stress was calculated by dividing
the force by the corresponding PCSA of each muscle [32].

2.7. Statistical Analysis. One-way repeated measures analysis
of variance (ANOVA) was applied to evaluate if there are sig-
nificant differences of the pennation angle of each muscle in
different elbow joint positions. Linear regression was used to
describe the relationship with ultrasound-measured muscle
pennation angle and the joint angle. One-way ANOVA with
post hoc Bonferroni test was also used to evaluate optimal
muscle length, tendon slack length, and maximum isometric
muscle stress (𝜎𝑚) from different elbow extensor muscles in
each subject group. If there is no significance, data from three
muscles would be combined together and t-tests were used
to compare the group difference between persons after stroke
and health control. p values less than 0.05 were regarded as
statistical significance.

3. Results

Figure 3(a) shows the musculotendon length of each prime
elbow extensor in this study from a typical subject (CO, male
in Table 1) and musculotendon length of triceps brachii mus-
cle as a whole from literature [34]. 𝑙𝑚𝑡 from our estimation
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Figure 3:Musculotendon length (a) andmoment arm (b) of elbow prime extensors of this study, that is, medial head of triceps (MHT), lateral
head of triceps (LatHT), and long head of triceps (LngHT) of this study, compared with corresponding literature results from Pigeon et al.
[34] andMurray et al. [32]. Pigeon et al. [34] derived data in other studies to obtain a relationship between joint angles and upper limbmuscle
parameters by curve fitting. MA data from Murray et al.’s study was based on the polynomial equations and the linear regression equations
between anthropometric variables and peak moment arm derived by Murray et al. [32].

had similar trend to that of the literature that 𝑙𝑚𝑡 of elbow
extensor increased about 21% as the joint angle flexed from
extended position (0∘) to flexed position (130∘). The moment
armof three prime elbow extensors estimated fromgeometric
model was shown in Figure 3(b). The moment arm-angle
results for the range of 0∘–130∘ with an increment of 1∘ were
compared with literature cadaver data [34, 35]. The average
moment arm of each muscle over the range of 0∘–130∘ was as
follows: MHT = 1.70 cm; LatHT = 1.71 cm; LngHT = 1.81 cm.

Figure 4 shows the ultrasound-measured pennation
angles (mean values) of MHT, LatHT, and LngHT of unim-
paired group (Figure 4(a)) and hemiparetic group (Fig-
ure 4(b)), as well as pennation angles adopted in literature
[36]. The results revealed that the in vivo pennation angle
of elbow extensor was angle-depended with difference of
measure joint position (one-way ANOVA, 𝑝 < 0.05) in both
unimpaired and hemiparetic group. For unimpaired group,
the pennation angles decreased from 11.7∘ to 7.1∘, 7.6∘ to 6.3∘,
and 12.8∘ to 8.1∘ for MHT, LatHT, and LngHT, respectively,
as the joint position changed from 15∘ to 105∘. The linear
regression results from unimpaired group showedMHT (𝛼 =−0.05𝜃+11.43; R2 = 0.843) and LngHT (𝛼 = −0.051𝜃+12.99;
R2 = 0.913) have similar slope and initial value which, both of
them, were larger than those from LatHT (𝛼 = 0.019𝜃 + 8.14;
R2 = 0.648). Similar pennation angle from hemiparetic group
was observed when compared with unimpaired group.

Figure 5 shows the typical result of the measured and
predictedmaximum isometric extension torque versus elbow
joint angle for a subject in unimpaired group (a) and for
one hemiparetic subject (b). In general, the predicted torque-
angle fits the measured one well except at the more extended
positions (<50∘). The RMS differences ranged from 1.43 to
6.78Nm (mean = 3.64, SD = 2.25, 𝑛 = 5). The predicted

torque-angle profile follows the similar trend as themeasured
one with the RMS differences ranging from 1.76 to 4.33Nm
(mean = 3.01, SD = 0.95, 𝑛 = 5) for extension in hemiplegic
group.

Muscle optimal lengths of the three heads of triceps
(MHT, LatHT, and LngHT) in the unimpaired group were
found to have no significant difference (𝑝 = 0.34) among
them and with a mean and SD of 8.8 ± 2.2, 11.0 ± 2.8, and 9.2± 2.3 cm, respectively (Table 2). The mean and SD of tendon
slack lengths were 5.7 ± 1.3, 11.4 ± 1.9, and 18.7 ± 1.2 cm,
respectively, and were found to be significantly different (𝑝 <0.001) in the unimpaired group. Post hoc results showed 𝑙𝑡𝑜
from MHT was significantly smaller (𝑝 < 0.001) than that
from LatHT and also significantly smaller (𝑝 < 0.001) than
that from LngHT. Similarly, themeanmuscle optimal lengths
of the three heads of triceps (MHT, LatHT, and LngHT) in
hemiplegic group were found to be not significantly different
(𝑝 = 0.241) with a mean and SD of 10.9 ± 2.1, 12.8 ± 1.9, and10.5 ± 2.4 cm, respectively. The mean and SD of tendon slack
lengths were 3.2±1.6, 9.3±2.7, and 17.0±2.3 cm, respectively,
and were found to be significantly different among them
(𝑝 < 0.001). Post hoc results showed 𝑙𝑡𝑜 from MHT was
significantly smaller (𝑝 = 0.003) than that from LatHT and
also significantly smaller (𝑝 < 0.001) than that from LngHT
in hemiparetic group.

Figure 6 shows there was no significant difference in 𝜎𝑚
(maximum isometric muscle stress) of LatHT, LngHT, and
MHT in hemiparetic group and unimpaired group, respec-
tively. Therefore, the mean value (𝜎𝑒) of these three prime
elbow extensors was used in comparisons below.The value of
maximum isometricmuscle stress for extensor of unimpaired
group was found to range from 60.9 to 115.4N/cm2. In
hemiparetic group, the maximum muscle stress of extensor
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Figure 4: In vivo measurement of pennation angles of elbow extensors to the joint angle in the MVC condition for unimpaired group (a)
and hemiparetic group (b) as well as pennation angle from literature [36].
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Figure 5: Modeling results: comparison of typical predicted profiles with measured extension torque-angle results for (a) one unimpaired
subject and (b) one person after stroke. Individual elbow extensor generated torque-angle profiles were also plotted.

groupwas found to range from 18.5N/cm2 to 66.1 N/cm2.The
mean ± SD for the unimpaired and hemiparetic group was89.3 ± 21.8 and 50.8 ± 18.6N/cm2, respectively, and the value
from hemiparetic group was found to be significantly smaller
than that of the unimpaired group (𝑝 = 0.023).
4. Discussion

In this study, a biomechanical model of elbow extensors
was built for both unimpaired subjects and persons after

stroke based on subject-specific ultrasound-measured and
experimentally optimized parameters.

4.1. Muscle Path and Moment Arm. The results showed that𝑙𝑚𝑡 in this study of LngHT is almost the same as literature𝑙𝑚𝑡 of triceps brachii [18]. In general, the modeled moment
arms matched well with the data from the literature in terms
of the trend and amplitude. Similar moment arms were noted
among the three heads of triceps and discontinuities in the
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Table 2: Comparison ofmuscle optimal lengths and tendon slack lengths of prime elbow extensors of healthy group found in the study (mean
value, 𝑛 = 5) and those reported in other literature.

Muscle Holzbaur et
al., 2005

Langenderfer
et al., 2004

Murray et al.,
2000

Winters and
Stark, 1988

Garner and
Pandy, 2003 Current study

Muscle
optimal
length (cm)

MHT 11.4 14.5 NR 6 8.77∗ 8.8
LatHT 11.4 10.3 6.6–13.9 7 8.77 11.0
LngHT 13.4 17.6 9.5–16.5 9 8.77 9.2

Tendon slack
length (cm)

MHT 9.1 NR NR 17 19.05∗ 5.7
LatHT 9.8 NR 18.7 19 19.05 11.4
LngHT 14.3 NR 21.7 22 19.05 18.7

NR: not reported. ∗Combination of MHT, LatHT, and LngHT as triceps brachii in Garner and Pandy, 2003.
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Figure 6: Maximum isometric muscle force and maximum muscle
stress (mean value, 𝑛 = 5) for each prime elbow extensor for
unimpaired group and hemiparetic group. The error bar indicates
one-standard-deviation length.

moment arm were noted in flexed position about 110∘ where
the additional via points become active.

Previous literature outlined methods of calculating mus-
cle moment arm based on consideration of the line of
action or tendon excursion [35, 37]. Furthermore, in other
studies, muscle length was defined as linear functions [38] or
nonlinear functions of joint angles [34] or a straight line from
origin to insertion, which might not represent accurately
the real complex morphology of passive structures such as
joint articulating surfaces and ligaments. Another study used
the constraint points of the muscle path and defined them
using interpolation point technology [13]. However, doing
this probably resulted in the muscle “punching through”
the bone when the joint angle was changed to an extreme
position. This is unreasonable and may lead to the calculated
moment arm being disconnected. In addition, the constraint
points needed to be defined individually on each degree
of freedom (DOF), which becomes a very complex task
when multi-DOF movement is to be modeled. In one of the
modeling studies, the investigators used geometric-shaped

objects to make the muscle wrap its path smoothly over
bony landmarks or other constraints [39]. The wrapping
objects could constrain via points of the muscles moving on
the bone contours. In our study, cylindrical and spherical
shapes for wrapping objects have been applied to simulate
the humerus head and capitulum on the muscle path and
then have effects on the moment arm. The general profile of
the moment arm across the joint positions was similar to the
literature but our calculated moment arm was continuous,
making the later calculating of joint moment more reliable.
It is difficult to access the accuracy of moment arm directly.
It was believed that the discrepancy might be due to the
underestimation of the triceps moment arms at the more
extended positions. Another reason for the discrepancy may
be the optimal angle selection since this value was observed
from the active contraction. The accuracy of musculotendon
length and moment arm is important to the later estimation
of muscle force and joint trajectory [40]. The results of
the geometric model, such as musculotendon length and
moment arm, could be used further for 3D motion analysis
or force prediction in dynamic conditions [30].

4.2. Musculotendon Parameters and Ultrasound Measure-
ment. Appropriate musculoskeletal modeling can provide
both qualitative and quantitative information into the neu-
romusculoskeletal system and its motion dynamics to ana-
lyze human movement [4]. The modeling parameters are
important to the success of the model. Manal and Buchanan
(2004) used a numerical method based on Hill-type model
to estimate the elbow muscle architecture parameters and
they found that the 5% change of the tendon slack length
resulted in upwards 30% difference on the estimated output
fiber force [5]. Especially in poststroke survivors, the muscle
parameters have changed after the insult [14]. In this current
study, the pennation of lateral head of triceps of this study
was smaller (about 9∘) than that from the literature [36]. The
results also showed that the in vivo pennation angle of long
head of triceps in hemiparetic groupwas smaller (around 12∘)
than the literature value. In literature, it is suggested better
to obtain subject-specific modeling parameters to tailed indi-
vidual biomechanical modeling. For example, Hasson and
Caldwell found subject-specific models in aging study gave
good predictions of experimental concentric torque-time
curve with 10–14% error; well the prediction errors would
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go twice as large with generic muscle properties parameters
[6]. In our previous study of elbow flexor modeling in the
hemiparetic subjects, we also revealed significantly smaller
RMS errors between the predicted and measured movement
trajectories when using subject-specific dataset than that
from applying cadaveric data from the literature [41].

Previous models using pure mathematical optimization
or using outcome torque or force to inversely obtain mus-
culotendon parameters have the limitations such as the
following: only partial insight into relating the optimization
outcome with explicit physically and biologically meaningful
principles were provided; curve-fitting technique always used
before the experimental torque-joint angle data to proceed
and the fitting results might affect the effectiveness of the
modeling to “unknown and unpredictable” values [42].

The optimal fascicle length is the muscle fascicle length
at which a muscle can generate its maximum isometric force
and it is generally assumed to be the fascicle length at which
a muscle begins to develop passive force [27]. This parameter
was found to be related to the amount of excursion of the
muscle fiber over the force-length relationship [13, 30]. In
this study, optimal fascicle length of each elbow extensor was
obtained based on ultrasound measurement on muscle opti-
mal angle. Our results showed the modeling data and ultra-
sound data were in the similar range which could be a cross-
validation for the ultrasoundmeasurement and themodeling
calculation [28, 32, 36, 43, 44] (Table 2). In addition, the fas-
cicle length from hemiparetic muscle seemed to have a larger
deviation between ultrasound-measured data and modeling
results in elbow extensors (Figure 5(b)), whichmight indicate
the variation of the affected extensor properties in the iso-
metric contraction. As seen in Figure 5, the estimation error
may be due to the bad motor control ability (i.e., coactivation
from elbow flexors) or the lower activation level since the
estimation simply assumed the muscle was in fully activation
(𝑎(𝑡) = 1). The extension simulation RMS increased at the
extended joint positions (>80∘) which may be caused by the
underestimation of the moment arm at those positions.

4.3. Maximum Isometric Muscle Stress: A Modeling Output.
Our results showed that there is no significant difference of
maximum isometric muscle stress among the three elbow
extensors in both healthy and stroke group which could be
explained that the three-head-of-triceps brachii has similar
force generation potential. As our expectation, we found
that the maximum isometric muscle stress value from the
hemiparetic group was significantly smaller than that found
in the unimpaired group in extensor (Figure 6). This finding
is in line with the study by Feng and coworkers [7]. The dif-
ference of themuscles stress between persons after stroke and
healthy people could be explained in biomechanical and/or
neurological factor. Previously, other investigators found that
differences in muscle stress between muscle groups might be
due to differences in specific tension of different muscle fiber
or motor unit populations [45]. That is, the fast twitch fibers
may have higher muscle stress than those of the slow twitch
fibers. Fiber composition could be very different between
subjects and/or betweenmuscles.Moreover, it has been found
by Robinson and coworkers that immobilizationwould result

in significant increase in the proportion of no-force units and
a trend toward preferential reduction in type FF units [46].
Furthermore, there is evidence on fiber measurements in
biopsied muscle that supports the idea that the type FF or FR
motor units are atrophied in patients with hemiparesis [47].
This implies reduction in number of fast twitch fibers after
stroke. On the other hand, hypertrophy of type S motor units
has also been reported, which reflects increase in the number
of slow twitch fibers. Moreover, Young and Mayer (1982) had
found a unique class of motor units in long-term hemiparetic
muscle-slow-contracting and fatigable, which is not present
in normal muscle [48]. These all substantiate that the muscle
stress can be very different between subjects and/or between
muscles, and then they form the rationales to optimizemuscle
stress in the current study.

Another factor to explain the lower muscle stress from
persons after strokewas that somehemiparetic subjectsmight
not be able to fully activate their muscles when instructed.
There is evidence that this deficit in muscle activation is
mostly due to reduced neural drive from higher centers (i.e.,
motor cortex) secondary to the lesion [49, 50]. The results
suggested that the hemiparetic subjects could suffer from
muscle weakness, which might be biomechanical or/and
neurological in nature. In addition, there is a limitation in the
current study that the calculation of PCSA is from the scaling
of literature datawhich results in underestimation of themus-
cle stress from stroke group. The physiologic cross-sectional
area of a muscle or, in essence, the number of sarcomeres in
parallel is related directly to the amount of tension that the
muscle can produce and the paretic arm may have signifi-
cantly greater intramuscular fat and connective tissue than
the unaffected or control arm. Further dedicated ultrasound
study should combine measurements on transverse direction
for cross section area with longitudinal direction on fascicle
length and pennation angle to improve the accuracy.

In summary, this study considered and measured elbow
extensor architectural changes after the onset of stroke and
these in vivo parameters were used to build subject-specific
biomechanical model.Themaximum isometric muscle stress
of elbow extensors from persons after stroke was found to be
lower than that from control subjects, which indicated the
weakness of muscle force generation potential after stroke.
The technique and results in this study may help to evaluate
the functional improvement of the affected muscle after an
intervention program and to enhance the understanding of
the effects on the muscle architecture and model during
rehabilitation treatment.
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