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Abstract

Tarsal tunnel syndrome (TTS), also known as posterior tibial
neuralgia is a painful disorder of the foot. It is a medical
condition arising due to the compression of the tibial nerve in
the tarsal tunnel, resulting in numbness, parenthesis and
muscle weakness in foot. A number of imaging methodologies
such as ultrasound as well as MRI imaging has been used in
the past in order to analyze the strain pattern of gastrocnemius
tendon and aponeurosis from the surface of the skin without
analyzing the internal tendons. The DIC code developed,
computes the in-plane strain with a correlation function using
pictures taken before and after stretching, using a CCD
camera. The shift between the initial picture and subsequent
one is evaluated by cross-correlation using FFT. This paper
gives in detail description of the preprocessing steps necessary
to extract Zone of Interest from the two images. The effects of
stretching on the superficial components of the tibial nerve, the
posterior tibial artery and vein, and the tibialis posterior, flexor
digitorum longus and flexor hallucis longus tendons in the calf
and foot are studied.
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1. INTRODUCTION

Tarsal tunnel syndrome (TTS), also called as posterior tibial
neuralgia, is a painful disorder of the tarsal tunnel and foot [1].
TTS is a compression neuropathy and a painful foot condition in
which the tibial nerve is compressed as it travels through the
tarsal tunnel. The tarsal tunnel is made up of bone on the inside
and the flexor retinaculum on the outside. This tunnel is located
along the inner calf behind the medial malleolus (bump on the
inside of the tarsal tunnel). Nerves in a bundle namely the
posterior tibial artery, tibial nerve, and tendons of the tibialis
posterior, flexor digitorum longus, and flexor hallucis longus
muscles travel this pathway, through the tarsal tunnel. TTS can
lead to numbness in the foot, pain, burning, electrical sensations,
big toe and tingling over the base of foot and heel. The flexor
retinaculum has a limited ability to stretch, so increased pressure
will eventually cause compression on the nerve within the
tunnel. With the increase in pressure on the nerves, the blood
pressure decreases leading to tingling and numbness. The effect
of the entrapment can spread to other area depending upon the
locked area. If the entrapment is high, the entire foot can be
affected as varying branches of the tibial nerve can become
involved. TTS is mainly observed in athletes or sports persons
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due to the pressure applied by them on the tarsal tunnel such as
tennis calf [2]. Such conditions can cause damage to the tendons
passing through the foot leading to swelling and severe pain.

A number of techniques are being used for the treatment of
TTS. The major remedies or physical exercises include Nerve
tension test [3], calf stretching exercise [4] and sometimes
surgical [5] release of the transverse tarsal ligament are often
used to cure the syndrome. Since the effects of all the factors can
be studied by the variations in foot postures, the author aims to
come up with a method to analyze the stretch in tendons of the
foot without any dependence of specialist. The author aims at
using digital imaging to analyze and assist diagnosis for
compression in the tarsal tunnel by computing the strain field on
the superficial muscles and tendons of the top surface of leg.

Digital Imagery has being used over a number of years to
compute and evaluate strain for a number of applications. 1-d
time delay estimation techniques were used initially for
displacement and strain estimation [6] while the evaluation of 2-
d strain has been developed, using both B-mode data [7] and raw
radio frequency (rF) data [8]. These strain-imaging techniques
are being used primarily for cardiovascular applications [9] and
breast and prostate tumor research [10]. A number of groups
have been exploring the opportunity of shear strain imaging and
its possible applications [11]. For instance, shear strain imaging
has been of interest for characterization of breast tumors [12]
and cardiovascular applications [13]. Rotation and, especially,
torsion are of great interest in cardiovascular research [14].
Apart from the biomedical application, digital imaging has made
its mark in a number of other applications including the
measurement of deformation and strain in sheet metal forming
analysis, automotive crash testing, rail vehicle safety [15], air-
plane safety [16] etc. The methodology is also applied for
quantitative evaluation of in-plane deformation characteristics of
geo-materials [17], and also in medical fields to evaluate local
failure of bone [18].

In the past, the measurement of strain was restricted to a
specified location or discrete target points in a structure i.e. it
was impossible to compute the strain distribution over the whole
structure. A number of false attempts were made to extract data
at a very large number of locations by using discrete targets due
to the time consuming process and computational power
requirements. A few techniques such as Moiré Interferometry
[19], holographic Interferometry [20], speckle photography [21]
have been proposed to acquire the overall deformation contour,
but it is often time consuming and involves heavy computational
power. On the other hand, Digital Image Correlation (DIC) is a
simple and quick state-of-art technique superior to previous
techniques due to its ability to compute faster.
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Fig.1. Calf Stretching Experiment: (a) Reference Image;
(b) Deformed Image

DIC was originally introduced in the early ‘80s by
researchers from the University of South Carolina [23]. The idea
behind the method was to infer the displacement of the material
under test by “tracking the deformation of a random speckle
pattern applied to the component’s surface in digital images
acquired during the experiment” [22]. In addition to its non—
contact, non destructive and full field measurement capability,
the 2-D DIC technique is also well known for its simplicity, low
environmental wvulnerability and easy processing. A large
number of algorithms [25] have been developed over the years in
order to find the solutions through DIC. Among these methods,
the most commonly used algorithm involves an iterative solution
that finds the maximum of the cross-correlation coefficient in
parameter space [33]. A correlation function is used to calculate
the shift between the two images. The algorithm is highly
effective when precise displacement between two images have to
be calculated. Digital Image correlation has proven to be an
extremely effective optical approach with vast applications like
determining mechanical properties of human soft tissue in vivo
[26], direct measurement of two-dimensional strain distributions
within articular cartilage under unconfined compression [27],
measuring Osteocyte lacunae tissue strain in cortical bone [28],
determining local mechanical conditions within early bone callus
[29] etc. DIC has been used to analyze the stresses in solder
interconnects of BGA packages under thermal loading [30], [31]
material characterization under thermal loading [32], dynamic
testing to study deformation for flexible bodies [34], material
characterization at high strain rate [35], stresses and strain in
flip-chip die under thermal loading [36] etc.

DIC has been applied multiple times in the past in the field of
applied anthropology to assist practitioners for diagnosis [41].
DIC has been effectively used to study the mechanical properties
of biological soft tissues e.g. using 2D DIC: on the human
tympanic membrane [37], sheep bone callus [29], human
cervical tissue [38] and recently also using 3D DIC: for the
bovine cornea [39] and mouse arterial tissue [40]. A number of
algorithms have been developed and applied to evaluate the
strain pattern due to the force applied on different body parts. A
correlation function can be used to calculate the shift between

683

ICTACT JOURNAL ON IMAGE AND VIDEO PROCESSING, NOVEMBER 2013, VOLUME: 04, ISSUE: 02

the two images taken before and after the deformation by
tracking the speckle pattern, leading to evaluation of strain. The
computation of cross-correlation can be performed in the
physical space [42] or in the Fourier space using Fast Fourier
Transform (FFT) [43]. The intermediate cross correlation FFT
step can involve heavy computations depending upon the field
due to the heavy computational complexity of the speckle
pattern [44], [45], [46]. Digital Image Speckle Correlation
(DISC) uses digital image correlation to resolve displacement
and deformation gradient fields [47], [48], [49]. The underlying
principle of DISC consists of tracking a geometric point before
and after deformation resulting in its displacement vector.

The aim of the paper is to analyze the calf stretching, a
remedy for TTS, through a non contact optical technique of
Digital Image Correlation (DIC). The focus of the experiment is
to examine the strain pattern on the superficial muscles of the leg
as result of calf stretching. Calf stretching results in relaxation of
the leg muscles. When the calf is stretched, the tarsal tunnel
expands resulting into the expansion of the tendons which
further leads to the relaxation. The effects of stretching on the
superficial components of the calf muscles, namely the tibial
nerve, the posterior tibial artery and vein, tibial nerve, the
posterior tibial artery and vein, and the tibialis posterior, flexor
digitorum longus, and flexor hallucis longus tendons in the calf
and foot are studied. This can be of significance in further
clinical studies.

2. PROBLEM FORMULATION
EXPERIMENTATION

AND

This setup consists of a desktop computer, a digital camera
and the code used to compute the variations with calf stretching.
The two dimensional variations are measured using the digital
image correlation code written by the authors. The position of
the camera and the subject are fixed for both pre and post
images. The test was conducted on five healthy and active males
with no known records of neural/muscular/skeletal disorders.
Informed consent was obtained from each participant before the
experiment was conducted. The average age, body height and
body mass of the participants are 35.5 years, 170 cm and 68.5 kg
respectively.

The experiment is started by coating the body part (right
forearm anterior / right leg posterior) with zinc powder in order
to provide contrast for better identification of marker points.
Later, the zinc coated portion is covered with a random black
speckle pattern with a marker. The subject is made to sit on a
chair and place the leg at the so that view for the camera is not
obstructed. Initially the calf muscle is in the relaxed position in
Fig.1(a). A CCD camera is used to take the picture, referred to as
reference image, of the calf muscle. In the next step, the calf
muscle is stretched by lifting the foot approximately at angle of
45 degree above the ground; the deformed image as shown in
Fig.1(b). The same setup is used to capture the picture, referred
to as deformed image, in the extended position. Finally, the
images captured are used for strain computation. The effects of
stretching on the superficial components of the arm muscles,
namely the flexor tendons in the calf, are studied.



AMARJOT SINGH AND S N OMKAR: ANALYSIS OF TARSAL TUNNEL SYNDROME USING IMAGE CORRELATION

RO
! [We-ROT ¢ H v
+ : + H + : +
H H H
L L] .
........ S c—mmmmad]
: FIT]]
[ + & + + [2m +
H
Z’P .5{-’--‘0: nnnnnnnn H -kl
L L .
L] L] .
4 : + ' + : +
L] L] "
L] L] L]
- L "
........ i R S ——
- w "
H H :
+ . + : + : -+
Ll L] ]
L L L
- L 4 L] "
L

Fig.2. Schematic of the reference image with the parameters (Q
= P and shift 8)

Fig.3. Movement of Zone of Interest from reference position to
deformed position

Feature point extraction is the primary step in order to
compute the strain pattern. Basic image processing operation of
dilation is used in order to extract the feature points from the
image. Further, the aim of the algorithm is to match the Zone of
Interest of the reference image with the deformed image using a
cross correlation function to evaluate the strain. FFT convolution
is used in order to compute the strain for the feature points. The
experiment is then repeated for five other subjects and the trends
are observed.

3. DISPLACEMENT FIELD MEASUREMENT
BY DIGITAL IMAGE CORRELATION

DIC is based on image matching algorithm. It can be
effectively used in Fourier as well as physical space. The
displacement field can be calculated by taking the correlation of
an interrogation window of the deformed image with respect to
the reference image.

3.1 PRELIMINARIES: CORRELATION OF TWO
IMAGES

To determine the displacement field of one image of the
deformed surface with respect to reference image, one considers
a sub-image which will be referred to as a Zone of Interest (ZOl)
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Fig.2. The purpose of the correlation method is to match the
ZOls in the respective images. The displacement of a ZOl with
respect to its copy in deformed image is a two-dimensional shift
of an intensity signal digitized by a camera. The aim is to locate
the strain signal g(&, ), (ZOI in the deformed image) a shifted
copy of reference signal f(&, ) (ZOI in the reference image) in
order to compute the strain as shown in Fig.3. g(¢& w) can also
be considered as equivalent to the reference signal f(&, ) shifted
by &, &. The strain function can be defined as,

9(& ) = (&S w— ) +b(S v) 1)
where, &, ¢, are unknown displacement vectors and b(&, ) a
random noise. To evaluate the shift (&, &) one may minimize
the norm of the difference between f(&— x, w—y) and g(& v)
with respect to x and y,

minfg(e)- (e —x.e- y)? 2

where, ‘e’ is a dummy parameter. If one chooses the usual

+00 +00

quadratic norm ||f||2=.|‘J.f(§,y/)a§dy/, the previous

—00 —00

minimization problem is equivalent to maximizing the quantity
h(x,y)=(g* f)x.y)

+00 +00

= [ [olcw)itc—xy-ypey

—00 —00

®)

where, ‘%’ denotes the cross-correlation operator. Furthermore,
when b is a white noise, the previous estimate is optimal.

g+t = FFT (FFT[gFFT[F]) @)

The use of the ‘shifting’ property enables one to ‘move’ a
signal. For the sake of simplicity, let us consider the shift
operator T, defined for 1D signals [T, f}&)= f(£—d), where d

is the shift parameter. The FFT of T4f becomes FFT[T4f] =
E4FFT[f], where the modulation operator E4 is defined by,

[Eq T &)= exp(—240&)f (&) (5)

These two results are the basic tools used for image
correlation [29].

3.2 CORRELATION ALGORITHM FOR TWO
DIMENSIONAL SIGNALS: CORRELI?®

In CORRELI [23] algorithm, two images, referred to as
‘reference image’ and ‘deformed image’ as shown in Fig.1(a)
and Fig.1(b) respectively are considered for strain computation.
A region of interest (ROI) of size 2° x 2P pixels centered in the
reference image is selected as shown in Fig.2. The ROI is
composed of a number of random elementary regions called
ZOls. The ROI of the same size as in the reference image is
selected in the deformed image. A first FFT correlation between
the two ROls results into the average displacement Uy, V, of the
deformed image with respect to the reference image. The
maximum of the cross correlation function evaluated for each
pixel of the respective ROI is expressed as integer number of
pixels representing the shift between the two ROls. The
correlation predicts the maximum number of common pixels
between the ROIs. The ROI in the deformed image is now
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centered at a point corresponding to the displaced center of the
ROI in the reference image by an amount Uy, V,. In the next
step, in order to track the shift for the ZOls in the reference
image, elementary square ZOls of size 2° x 2° pixels where s < p
are selected in the reference image as shown in Fig.2. In order to
map the whole image, the shift &,(= &) should be chosen careful
such that the shift between two consecutive ZOls is 1 < &, < 2°
pixels. These two parameters define the mesh formed by the
centers of each ZOI used to analyze the displacement field.
Further, the following analysis is performed for each ZOI
independently in order to compute the strain for all the ZOls.

A first FFT correlation of the reference ZOl is carried out
with the ROI of the deformed image in order to spot the
corresponding ZOl. The correlation results into in plane integral
displacement of AU, AV for the reference ZOI. The displacement
correction for the ZOI is completed by displacing the reference
ZOl by an additional amount AU, AV. To limit the errors due to
edge effects the considered ZOl is then windowed by a modified
Hanning window:

()

where, ZOl denotes the windowed ZOI, ® the dyadic product
and H the one dimensional modified Hanning window,

1 47
—|1-cos
2 2% -1

ZOI = ZOI(H ®H)

H when 0 <i <2572

H(i)=1{1 when 2572 <j <3x2°72

1 47
—|1-cos

2 2°-1
The value 2°~ 2 is considered as an optimal value to minimize

the error due to edge effects and to have a sufficiently large
number of data unaltered by the window [56].

The displacement residues are now less than %2 pixels in each
direction. A sub-pixel iterative scheme is used further to pin
point the position of ZOIl by computing the remaining
displacement. A sub-pixel correlation of the displacement 8U,
8V is determined by evaluating the maximum of a parabolic
interpolation of the respective correlation function. The
interpolation is performed by considering the maximum pixel
and its eight neighboring pixels. By using the ‘Shifting-
modulation’ property of the Fourier Transform one can move the
deformed ZOI by an amount - 38U, - 8V. Since an interpolation
was used, one may induce some errors requiring re-iterating by
considering the new ‘deformed’ ZOI until a convergence is
reached. The criterion checks the increase in the maximum value
of the correlation function with the increase in the number of
iterations. Otherwise, the iteration scheme is stopped.

(8)

ﬂ when 3x 252 <i<25-1

4. RESULTS

The strain on the superficial muscles of the forearm resulting
due to calf stretching is evaluated by DIC using cross correlation
FFT analysis between the referred and the deformed images.
FFT computation between two images, an intermediate step of
the algorithm is performed using windows of variable sizes. The
simulations are evaluated on an Intel Core 2 Duo 2.20 GHz
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machine. The zone of interest from the reference image shown in
Fig.1(a) is convoluted with each region of interest in the
deformed image as shown in Fig.1(b), in order to locate the
shifted position of the reference zone of interest. A high
greyscale peak is obtained on convolution of the reference zone
of interest with its shifted copy in the deformed image. Once the
zone of interest is located in the deformed image the strain can
be computed. The strain fields in both the directions are
computed with respect to the reference point marked on the leg
as shown in Fig.1(a). The reference point refers to the point with
respect to which all the strain fields are measured. The results
are finally analyzed accordingly.

In order to extract the feature points from the image, dilation
in a specified 11 x 11 square neighborhood is applied for the
enlargement or expansion of region of interest as shown in
Fig.4(a). In the next step, a threshold of gray scale 50 is applied
to extract all the feature points below the respective value. The
feature point’s colored black can be extracted easily as they have
a grayscale of zero and appear as white or binary 1 on inversion
while the background turns black as shown in Fig.4(b). The
process is explained in detail in the flow chart shown in Fig.5.
The feature points are extracted using the Matlab pseudo code
shown in Fig.6 (a). Once the feature points have been extracted
the strain can be computed by using FFT convolution between
the reference and deformed images. The Matlab pseudo code for
the FFT cross correlation is shown in Fig.6(b).

(b)

Fig.4(a). Enlargement of area after square 11 x 11 Dilation;
4(b) Marker points after thresholding
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Fig.5. Flow chart for Feature Extraction

In order to compute the shift between two images, a square
ROI of size 512 x 512 pixels is considered in the reference
image, to cover maximum number of pixels. A variable zone of
interest is considered by computing the height and width of the
patch. A total of 64 ZOI are considered for correlation between
both the images. On convolution between the images, a high
grayscale is observed when the reference zone of interest in the
reference image is convoluted with the same zone of interest in
the deformed image as shown in Fig.6(c). The reference ZOl is
correlated with every ZOI of the deformed image. A high gray
scale value of 247 is observed on correlation of reference ZOI
with its shifted copy in the deformed image. The minute
displacement of 64 pixels in each direction is evaluated by
determining the maximum of a parabolic interpolation of the
correlation function after minimizing the errors due to edge
effects. The interpolation is performed by considering the
maximum pixel and its eight neighbours. Therefore after
obtaining a sub-pixel value, the ZOIl is shifted using the
‘Shifting’ property of the Fourier transform. The process is re-
iterated in order to avoid the errors due to parabolic
interpolation. The pseudo code can be used to calculate the shift
between two consecutive images. D2 and D1 represent the
reference and deformed grayscale images respectively, while g
is the resulting correlation, between the two images as shown in
Fig.6(b).

Pseudo Code
I=imread();
I-imresize(l..25);
D=rgb2gray(l);
sel=strel(‘square’.11);
K=imdilate(D . sel);
P=D(:,:) <50;

(@) (b)

Pseudo Code

D1 = Imagel;
D2 = Image2,;
g2=ifft2((fft2((D1))).*fft2((D2)));

(©)

Fig.6.(a) Code for extracting the feature points and for
computing cross correlation between the two images;
(b) Intermediate Cross Convolution FFT Step for DIC algorithm;
(c) High greyscale peak observed on convolution between two ZOls

Strain field can be easily computed once the shifted ZOI has
been located in the deformed image. The strain is computed
using the strategy described in Fig.7. The strain along Y-plane is
computed along Y-axis as shown in Fig.1(a). The strain is
evaluated along a line a-b formulated in a way such that one end
of the line is near the reference point while the other is near the
ankle as shown in Fig.8(a). The point ‘@’ corresponds to the
point near to the ankle while point ‘b’ is the farther end on the
line a-b. When the calf is stretched the gastrocnemius tendon and
aponeurosis are stretched. The strain field is observed to be
maximum at point ‘a’ as the flexor tendons experience the
utmost stretch in close proximity to the foot while minimum at
the farthest end of the line at point ‘b’ as the stretch in the
tendons goes on decreasing while moving towards the knee
away from the ankle. The statement is supported by the Y- plain
strain field plot as shown in Fig.8(a). The highest strain of 0.167
mm is experienced by point ‘@’ while the strain is minimum at
point ‘b’ with a value of 0.128 mm.

The strain field along X-plane is computed along X-axis as
shown in Fig.1(a). The strain is evaluated along a line c-d
formulated in a way such that one end of the line is near the
ankle in the area having high strain. The point ‘C’ represents the
point near to the ankle while the point ‘d’ corresponds to the
distant end on the line c-d. The strain field in the X-plane is
extremely small as compared to the strain field experienced by
the tendons in the Y- plane. Point ‘C’ is relatively near to the
ankle as compared to point ‘d’ as a result of which the strain is
supplementary at point ‘C’ as compared to the farthest end point
‘d’> along the line c-d. The stretch in the tendons goes on
decreasing as we move towards the foot in the similar way
compared to Y-plane. The above statements are supported by the
X-plane strain field plot as shown in Fig.8(b). The highest strain
of 0.0018 mm is experienced at point ‘C’ while the minimum
strain at point ‘d’ with a value of 0.002 mm.

5. CONCLUSION

The section presents a brief summary of the generic
methodology applied to measure the strain due to calf stretching.
The paper presents a generic methodology to compute the strain
pattern for calf stretching experiment, a remedy for tarsal tunnel
syndrome. It is extremely important as well as essential to
understand the contraction and elongation behavior of the
superficial flexor tendons as the primary knowledge gained will
assists us to generate muscle-tendon units which can resulting
into better understanding of the force and energy production.
The simulations can be further used to get relevant information
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regarding input parameters for simulation models of the human
system as well as to examine adaptation phenomena of tendons
and aponeuroses to physical activity. This system will help
physiotherapists, surgeons and practitioners to educate
themselves and refine their work related to TTS.

Choice of images
0: Reference
1: Deformed

LI

Computation of Average
Displacement Ug, V,

>
<
y

A

Choice of ZOl

\ 4

FFT Correlation
First Pixel Correlation

v

Extraction of ZOI1

y

FFT Correlation
Parabolic Interpolation
Sub-Pixel Displacement Correlation
o, oV

l NO
Convergence

YES v

Total
Displacement

v NO

New Zone

YES

Strain Computation

A

Fig.7. Flow chart for strain computation

6. CONCLUSION

The section presents a brief summary of the generic
methodology applied to measure the strain due to calf stretching.
The paper presents a generic methodology to compute the strain
pattern for calf stretching experiment, a remedy for tarsal tunnel
syndrome. It is extremely important as well as essential to
understand the contraction and elongation behavior of the
superficial flexor tendons as the primary knowledge gained will
assists us to generate muscle-tendon units which can resulting
into better understanding of the force and energy production.
The simulations can be further used to get relevant information
regarding input parameters for simulation models of the human
system as well as to examine adaptation phenomena of tendons
and aponeuroses to physical activity. This system will help
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physiotherapists, surgeons and practitioners to educate
themselves and refine their work related to TTS.

STRAN PROALE N X DRECTION

oo )——
LU /' 4

£
§
3

Fig.8(a) Strain Field in the Y plane; (b) Strain Field in the X

plane
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