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Abstract—Axial components of tendons’ transverse strain fields were successfully measuréd vitro by ultra-
sound. Achilles tendons of New Zealand white rabbits were used. Tendon inflammation was simulated by
artificially inducing ischemia. Strain measurements were also correlated with conventional B-mode sonograms
and histological micrographs. Results showed that strain measurements had reasonable agreement with histo-
logical examinations and provided better tissue differentiation than conventional B-mode imaging. For a given
tendon, the strain values corresponding to different tissue layers were easily differentiated with an elastographic
contrast-to-noise ratio ranging from 17 to 43 dB. Such differences, however, were not always present in the
sonograms. Therefore, ultrasonic strain imaging may be a useful tool for assessing tendon disorders during the
rehabilitation process. © 1999 World Federation for Ultrasound in Medicine & Biology.

Key Words:Elasticity imaging, Ultrasonic imaging, Tissue differentiation, Speckle tracking, Strain measurement,
Tendon inflammation.

INTRODUCTION accumulation and inflammatory cell infiltration. Hence,
the tendon thickness has been used to recognize morpho-
logical change associated with an inflamed tendon (For-
nage 1995). However, as an injured or inflamed tendon
progresses (favorably or unfavorably), the thickness does

One of the main tasks of tendons is to assist in concen-
trating the pull of the muscle on a small area of bone. The
strength and stiffness of a tendon are provided by the

cross-links between numerous collagen fibers that are tch ianificantly (Holsbeeck and Int 1991
parallel to its longitudinal axis. Because hematoma and not change significantly (Holsbeeck and Introcaso )-

inflammatory cell infiltration disrupt the arrangement of '(;'.waf(.are:‘orbe, dlztlnclnon an;]onghyirlous refcohvery s;ages IS
collagen fibers, the strength of a tendon tends to degrade ! '(,:L,“ ased only on the thickness of t € tendon. In
when it is injured or inflamed (Mason and Allen 1941). addition to the thickness, tendon abnormality may also
The primary purpose of rehabilitation is to restore the P€ de.ztected based on B-mode texture features (Fornage
mechanical functions of an injured or inflamed tendon. 1995; Holsbeeck and Introcaso 1991; Marcelis 1996).

To monitor the tendon functions during the rehabilitation However, due to the low contrast between normal con-
processin vivo noninvasive methods such as ultrasound nective and granulation tissues and the subjective nature

(US) are, thus, of great clinical importance. of image interpretation, success of such techniques has
As higher frequency transducers (10 MHz and &S0 been limited. o o _
above) became available for clinical use, applications Another potential application of US in this area is

using conventional B-mode imaging to image injured or €lasticity imaging. Conventional B-mode imaging is
inflamed tendons have gained broad interest. Comparedused to produce pictures of anatomical structures. Ultra-
to a normal tendon, thickness of an inflamed tendon Sonic elasticity imaging, on the other hand, is used to

increases at early inflammation stage due to hematomaduantitatively assess the elastic properties of biological

tissue. Such an imaging method typically involves exter-

nally applied forces and reconstruction of strain fields.
A _Adldfesz_ C,O"espgnde?]ci]?@ Dr. Ji”',Shinl Lai, Department of Several research groups have published results on theo-

Physical Medicine and Rehabilitation, National Taiwan University . .

Hospital, No.7, Chung-Shan South Road, Taipei, Taiwan 100, ROC. rnes (Kallel and Bertrand 1996; Kallel et al. 1996, 1997,

E-mail; jslai@ccms.ntu.edu.tw 1998; Ponnekanti et al. 1995; Skovoroda et al. 1994,
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1995; Sumi et al. 1995; Varghese and Ophir 1997a, complex representation of the echo reflected from the
1997c¢), data acquisition protocols (Krouskop and Levi- object of interest and we have:

son 1987; Lerner et al. 1990; Ophir et al. 1991; Sar-

vazyan 1997; Yamakoshi 1990), signal-processing tech- X, (t) = At — )@t ™, )
niques (Cespedes and Ophir 1993; Insana et al. 1996;
Kaisar and Ophir 1997; O’Donnell et al. 1994; Varghese
and Ophir 1996, 1997b; Varghese et al. 1996; Yeung et
al. 1998), and preliminarily clinical investigation for
elasticity imaging (Cespedes et al. 1993; Garra et al.
1997; Levison et al. 1995). Elasticity imaging of tendons,
however, has not been explored.

Stress and strain are commonly used to describe the
elastic properties of a material. Most biological soft _
tissues have nonlinear viscoelastic behavior and the con- Xo(t) = At — 7)€", )
stitutive equations specifying the stress-strain relation-
ships are complex (Fung 1993). Under static deformation wherer, is the new round-trip propagation time.
with small loading, however, a linear elastic model can Let B,(t) andB,(t) denote the baseband representa
be applied and the tensor of elastic moduli is derived by tions of X,(t) and X,(t), and we have:
the generalized Hooke's law (Ponnekanti et al. 1995;

Skov.orod.a et gl. 1994). Ther(_afore, the recgnstructlon of By(t) = X,(t) X et = A(t — e i, (4)
elasticity imaging can be carried out by an inverse prob-

lem approach (Kallel and Bertrand 1996; Ophir et al.

1997). Solving the inverse problem in elasticity imaging 2"

generally constitutes two steps. The first step involves . .
estimating the strain fields from the US data acquired B,(t) = Xy(t) X e = A(t — mp)e m, (5)
pre- and post-compression. The second step is to find the

optimal distribution of elastic modulus given the esti- The cross-correlation function (‘Bl(t) and Bz(t)’ thus,
mated strain fields. The primary purpose of this study is pecomes:

in regard to the first step of elasticity imaging. Feasibility

of estimating the strain fields of tendons using US was

whereA(t) is the envelope of the signal, is the angular
frequency of the ultrasound carrier angdis the round-
trip propagation time between the object and the trans-
ducer. With the application of an external force, the
object moves, and the signal from the same object be-
comes:

studied. Furthermore, the distribution of strain fields was -

’ . C(t) = B.(t + 7) X B,*(7)dT, 6
compared to B-mode sonograms and correlated with ® J (47 2 (1)dr ©)
histology. -

where* denotes the complex conjugate. Setting 0,
THEORY we have:
Deformation of a material due to an applied stress can be
described by the strain. Specifically, the axial strais

defined as: C(0)

f"’ B,(7) X B,*(7)dt

AZZ - AZl
°= a7 @)

f AT — 1) X AT — mpdr |9 ™ (7)

whereAz, is the displacement at depthAz, denotes the
displacement at depth + Az, and Az represents the Hence,
spatial interval between these two depths (Ophir et al.
1991). One approach for displacement measurements is
to estimate tissue motion by speckle tracking. In this = £C(0)
T2~ T1 ) (8)

paper, a baseband cross-correlation approach is em- @
ployed (O’Donnell et al. 1994).

Speckle results from coherent interference from whereZC(0) is the angle of the complex functidz(0).
many scatterers within one sample volume and acts asAssuming that the sound velocity is a constanthe
image markers for motion tracking. Le;(t) be the displacement becomes:
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CX (1~ T
- e— 9)
2 PC

Notice that the time delay is divided by two for round trip
propagation.

After the displacement is obtained, the strain field
can be estimated by using eqgn (1).

| GPIBPort e

digital
MATERIALS AND METHODS : Oscilloscope

Eight Achilles tendons from four adult New Zea- A
land white rabbits were used in this study. The animals E L @
were purchased from the National Animal Center and tendon €feeees 0O
were housed in animal rooms with good environmental
control. The room temperature was kept at 241°C _ © phantom
under a 12-h light (07:00 to 19:00) and 12-h dark regi- @ i
men. For each rabbit, one randomly selected hind limb . © u
was included in the Inflamed Group and the other hind | Puiser & receiver —
limb was included in the Healthy Group. We have pre-
viously found that ischemia can induce tendon inflam-
mation. Therefore, the tendons in the Inflamed Group
were prepared based on the following procedures. First,
general anesthesia was applied successfully with 5 mg
phenothiazine and 25 mg ketamine per kg body weight
intramuscularly (IM). Next, the skin overlying the Achil-
les tendon was shaved, scrubbed and anesthetized locallypowder (5% by weight) with similar stiffness to each
with 20 mg lidocaine. A longitudinal incision was made other. The phantoms were cylindrical, with a diameter of
lateral to the visible outline of the tendon. By blunt 114.5 mm and a length of 45.0 mm. The agar powder
dissection, the Achilles tendons in the Inflamed group was hydrated with deionized water and heated above its
were then exposed, isolated from the adjoining tissue andgel point to disperse the colloid, clarify the solution and
tightened circumferentially on the rostral and caudal release trapped gasses. The liquid gel solution was then
sides with nylon sutures. The rostral site was near the cooled to 45°C and poured into a cylindrical mold kept in
tendon and muscle belly junction. The caudal site was an icewater bath. When making the phantoms, the fol-
near the tendon and calcaneus junction. The sutures werdowing steps were taken to keep the longitudinal axis of
tightened firmly to simulate tendon ischemia. The skin the tendon sample parallel to the surface of the phantom.
was then closed. No particular treatments were done to First, gel solution was poured into the mold until a height
the tendons in the Healthy Group. of 20 mm was reached. Next, as the gel surface con-

After the rabbits regained consciousness, they were gealed, the tendon sample was put on the center of this
housed one per standard rabbit cage and raised as norsurface and additional gel solution was poured into the
mal. Food and water were availatdd lib. The use and  remaining mold space. All the above procedures were
care of animals were in accordance with the principles of performed on a leveled desk. After the completion of the
the National Animal Center of ROC. We have found above procedures, the phantoms were stored at 10°C and
empirically that a period of 10 days is needed to ensure ultrasound data were collected within 12 h.
obvious inflammation for ischemic tendon after wound A schematic representation of the strain measure-
closure. At that time, Achilles tendons in both the In- ment system is illustrated in Fig. 1. An unfocused,
flamed Group and the Healthy Group were harvested. 5-MHz  circular transducer (Panametrics V110,
The tendons were excised from the tendon-muscle junc- Waltham, MA) with a diameter of 7.9 mm was attached
tion proximally and the tendon-calcaneus junction dis- to a hole in an acrylic plate with the direction of the US
tally. The size of tendon samples was about280 mm beam perpendicular to the plate. Note that the top of the
long and 4~ 9 mm in diameter. After excision, each phantom is defined as the weight side and the bottom is
sample was then immediately immersed in the center of defined as the transducer side. The distance between the
a gelatin-based phantom and was paired with its oppositesample and the transducer was set at 20 mm to reduce
side. near-field effects and to avoid transducer ring-down ar-

The image phantoms were constructed from agar tifacts. Prior to each measurement, the acrylic base was

acrylic plate
ultrasonic transducer
gelatin phantom

Fig. 1. Schematic diagram of the experimental setup.
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leveled so that direction of the gravitational forge applied signal X,(1) —» {4 overlap i it ik =
at the top of the phantom was parallel to the direction of ; :

the axial displacement. The transducer was connected to |

an ultrasonic pulser/receiver (Panametrics 5072PR,
Waltham, MA) for A-scan data acquisition. Maximum |

output power was used. Attenuation and damping set- =
tings, on the other hand, were adjusted for each measure- >
ment to achieve sufficient signal-to—noise ratios. A dig- displacement displacement

ital oscilloscope (Lecroy 9314L, Geneva, Switzerland)  signal X,{t) —Fit A i A
was used to digitize the received signal at 100 MHz. {
Ultrasonic coupling gel was applied on the trans- |
ducer face for efficient acoustic transmission. The phan- |
tom was positioned so that the tendon intersected with |
the center of the ultrasound beam. The phantom was H
compressed by adding weights to the top surfaeg the 4— Interval Ax, —p
weight side). A 0.5-kg weight was initially used to pre-
load the phantom and to ensure good contact at the

‘g— interval Av;

v
alignment point

transducer-phantom boundary. After the phantom was ~w=—=——mn
preloaded, additional weights were applied with a 0.5-kg Pressure
increment. We have found that a 0.5-kg increment was A Kl Ne

; - ; Strain g=—L=—"2—1
able to provide sufficient displacements measurable by Ax, Ax,

the speckle-tracking technique and avoiding signal deco-
rrelation resulting from changes in scatterer distribution. Fig. 2. Demonstration for strain estimation using speckle track-
After each increment, returning echoes were sampled N9 Xi() andX,() are signals with and without incremental
. L . S . compression. The dotted rectangles represent moving windows

using a digital oscilloscope. The digitized A-scan signals for data selection.
were then transferred to a personal computer via a GPIB
port for off-line signal processing.

The cross-sectional area of the weights was the strain variations can be adequately detected. The interval
same as that of the phantom. In other words, the top was fixed within each data set.
surface of the phantom was fully covered. Additionally, Second, selection of the window size is affected by
a plastic cover was placed between the weights and theseveral factors. In general, a large window size is desired
phantom to ensure uniform external stress distribution at to reduce strain estimation variance (Varghese and Ophir
the top surface. The experiments were performed at room1997a). As the window size increases, however, signal
temperature. decorrelation deteriorates accuracy of displacement esti-

The stress fields produced tendon displacements.mation (Cespedes and Ophir 1993; O’Donnell et al 1994;
Displacement relative to the bottom tendon boundary Varghese and Ophir 1997a). The decorrelation effect is
was defined as the relative displacement. For strain es-more pronounced in the high strain region. Because the
timation, only the relative displacements between the top strain field may be nonuniform within the tendon, the
and the bottom tendon boundaries were required. Dis- desired window size may also vary at different window
placement of the entire tendoing(, bulk translation) was  positions. Generally speaking, large windows provide
eliminated by signal alignment. As described previously low variances for small strains, whereas small windows
(O’Donnell et al. 1994), aliasing results from phase dif- are desired to minimize signal decorrelation in the pres-
ferences greater thanhs. In other words, aliasing occurs  ence of large strains (Varghese and Ophir 1998). For
when the displacement is larger thaft (75 um at 5 each window position, the window size was carefully
MHz), where A is the wavelength at the carrier fre- chosen to achieve high correlation between the two data
quency. It was confirmed that aliasing was not present in sets used for displacement estimation. The correlation
the data acquired in this study. coefficients were above 0.98. In addition, the window

As demonstrated in Fig. 2, a moving window was size ensures that the estimated relative displacements
used to select data from each data set for displacementincrease monotonically as the positions are away from
calculation. The window size and the interval between the lowest bound of tendon.
consecutive windows were chosen based on the follow- After A-scan data collection, the tendons were im-
ing criteria. First, the interval is limited by the window aged by a commercial scanner (ATL HDI 3000, Bothell,
size and the overlap factor. Also, the interval needs to be WA) using a 128-channel linear transducer with a center
sufficiently small (about 0.5- 0.8 mm) so that detailed frequency of 10 MHz. After the B-mode images were
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Fig. 3. Measured strain field for Sample 3H (Pair 3, healthy).
(A) RF signals with and without incremental compression; (B)
relative displacement; (C) strain field.
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RESULTS

Results from four pairs of tendons were shown.
Except for Pair 1, all samples in the Inflamed Group
showed different histological results than the corre-
sponding samples in the Healthy Group. The sample
associated with Pair 1 in the Inflamed Group was found
normal in histological examinations. This may be due to
failure of ischemia simulation resulting from loosely
tightened sutures. Nevertheless, the other tendons in the
Inflamed Group i(e., Pairs 2, 3 and 4) showed abnor-
malities such as proliferation of granulation tissue or
tissue necrosis.

A typical example of strain reconstruction is shown
in Fig. 3. Fig. 3A shows the alignment of two RF signals
with and without the application of incremental weight.
The larger amplitude signals were recognized as the
signals of tendon and both data sets were aligned at the
left tendon boundary. Note that most of the small-ampli-
tude signals outside the tendon are not shown. Also note

obtained, the tendons were then fixed in 10% neutral that all three panels have the same horizontal scale as in
formalin and stained with routine hematoxylin and eosin Fig. 3C and the depth is relative to an arbitrary starting
(H & E) before being examined by a light microscope point. The size of tendon is about 3.5 mm (from 1.5 mm
(Olympus BH-2, Tokyo, Japan). to 5 mm) in Fig. 3A. Displacements relative to the left
The sonograms and the corresponding estimatedtendon boundary are plotted in Fig. 3B. Using egn (1)
strain fields were evaluated with the same spatial orien- and the procedures previously outlined, strain distribu-
tation by three experienced clinicians. An elastographic tion is reconstructed and shown in Fig. 3C.
contrast-to—noise ratio (CNJRwas used to quantify the Figure 4 shows B-mode sonograms and estimated
ability to resolve regions with different strain values. strain field of sample 2H (Pair 2, healthy). Figure 4A is
CNR, is defined following the description in Bilgen and
Insana (1997) and Varghese and Ophir (1998):

2(s1 — $)?

M 1o

wheres, ands, represent mean strain values in the first
and the second region, respectively. Similadg, and
o2, denote the strain variances in the respective region.
The numerator in eqgn (10) represents the strain contrast
between the two different regions, and the denominator
represents the average variance. In the following analy-
sis, theCNR, is converted on a logarithmic scale shown
below (Varghese and Ophir 1998):

2(s1— (04 + 0%); $1 # 5
1 1S = 52]

(11)

1k

0.75

g
g 0.5

0.251

CNR(dB) = 20Iog10[

3 4
Relative depth (mm)

2

(&

Finally, both the sonograms and the estimated strain
fields were compared with the corresponding histology

mlcrogrgphs W|th.correct spatlal orientation. The length 2. healthy). (A) B-mode sonogram in the transverse view: (B)
of a particular region on a mlcrograph orasonogramwas g_mq¢e sonogram in the longitudinal view; (C) strain field. The
measured along the direction parallel to the ultrasound jnterval between two tick marks on the left side of each sono-
beam {.e., the axial direction). gram is 5 mm.

Fig. 4. B-mode sonograms and strain field for Sample 2H (Pair
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Fig. 5. Micrograph of Sample 2H (Pair 2, healthy). ¥ the

muscle cells; C= bundles of collagen fibers. The black arrow

represents the direction parallel to the ultrasound beam. (H&E
20X).

the B-mode sonogram of this healthy tendon in the
transverse view and Fig. 4B shows the longitudinal view.

Volume 25, Number 8, 1999

of sonograms and the left of strain field correspond to the
transducer side of the phantom. The thickness of tendon
estimated from Fig. 4C is similar to that estimated at the
middle segment in Fig. 4B (about 4 mm). Although the
tendon appears homogeneous in B-mode, the transverse
strain shown in Fig. 4C varies over a wide range. By
using the region between 2.2 mm and 4.5 mm in Fig. 4C
as a different tissue from that near the edges, the CNR
calculated by eqgn (11) is about 20 dB. The strain varia-
tions can be explained by the micrograph shown in Fig.
5. The micrograph shows that the specimen consists of
muscle tissue in the center and bundles of collagen fibers
spreading near the edges. Note that the central muscle
tissue is about 4 times as thick as the peripheral collagen
fiber layer. This ratio is consistent with that shown in the
estimated strain field. Although the strain values are
clearly different as shown in the Fig. 4C, the differences
between muscle and bundles of collagen fibers are not
detectable in B-mode. The other samples in the Healthy
Group and Sample 11 (Pair 1, inflamed) exhibit similar
results. The values of estimated CNfange from 17 dB

to 22 dB among these samples.

The tendon appears as a homogeneous, hyperechoic re-  Similar comparisons were carried out for the sam-

gion in both views. Note that the sonograms and strain
field in Fig. 4 are oriented in such a way that the bottom

2 4 6 8 10 c

Relative depth (mm)

Fig. 6. B-mode sonograms and strain field for Sample 3| (Pair

3, inflamed). (A) B-mode sonogram in the transverse view; (B)

B-mode sonogram in the longitudinal view; (C) strain field. The

white arrows in (B) highlight the suture artifacts. The black

arrows in (B) point out the hypoechoic boundary between the
outer and inner concentric regions.

ples in the Inflamed group. Figure 6 shows B-mode
sonograms and strain field for Sample 3I (Pair 3, in-
flamed) using the same format as in Fig. 4. The sono-
grams in Fig. 6A and B show that the tendon has two
concentric hyperechoic regions. As illustrated in Fig. 6C,
the strain filed also has two distinct regions with low
strain values in the middle and high ones near the edges.
The thickness measured from Fig. 6A is consistent with
that measured from Fig. 6C. For example, the thickness
of the left high strain region in Fig. 6C and the bottom
hyperechoic layer in Fig. 6A are both around 2 mm.
Likewise, the thickness for the middle low strain region

Fig. 7. Micrograph of Sample 31 (Pair 3, inflamed). €
bundles of collagen fibers; G- the circularly surrounding
granulation tissue. (H&E 29).
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Strain distribution

Fig. 9. Micrograph of Sample 4l (Pair 4, inflamed). €
bundles of collagen fibers; & the adjacent semilunar-shaped
granulation tissue. (H&E 29).

region. The transverse image of the inflamed sample,
however, has a semilunar-shaped hypoechoic region ad-
jacent to a hyperechoic ovoid area. In comparison with

the strain field shown in Fig. 8E, the hyperechoic region

corresponds to low strain values and the hypoechoic
region corresponds to high strain values. The thickness
of these two areas measured in the sonograms is also

5 6 7 8 9 10 E
Relative depth (mm)

Fig. 8. B-mode sonograms and strain fields for Samples 4H and ; ; ; ; ; il
4| (Pair 4, healthy and inflamed). (A) and (B) are Sample 4H. ConSISfrzlt Wltrf] tht?t heStlma;]eq n Stralnh dlﬁ.mr?uuor.]
(C) and (D) are for Sample 4l. (A) and (C) are sonograms in the (aroun mm for the hypoechoic area or the high strain

transverse view. (B) and (D) are sonograms in the longitudinal region, and around 5 mm for the hyperechoic area or the
view. The white arrow in (C) indicates tissue debris. The white low strain region). CNRin this case is about 23 dB.

triapgle denotgs the se.miliunar region with onv brightness. The From the micrograph shown in Fig. 9, itis confirmed that
white arrows in (D) highlight the suture artifacts. (E) is the  hare js semilunar-shaped granulation tissue proliferating
strain field of sample 41. - . . .
outside of the tendon tissue. In this particular example,
the sonograms agree well with the strain distribution.
Figures 10 and 11 illustrate an example (Samples
(or the middle hyperechoic area) is around 6 mm and the 2H and 2I) where histology is better correlated with the
thickness for the right high strain region (or the top estimated strain field than the sonogram. As shown in
hyperechoic layer) is around 1 mm. The echo texture of Fig. 10, the sonograms for Sample 2H (Fig. 10A and B)
these two hyperechoic regions on the sonograms was tocand 21 (Fig. 10C and D) are similar to those of healthy
similar for the evaluators to distinguish. On the contrary, tendons shown previously. On the other hand, the strain
the CNR, of these two regions in the estimated strain field for Sample 2H has better tissue differentiation than
field is about 34 dB. In other words, the estimated strain the corresponding sonograms. Moreover, the strain vari-
field provides better tissue characterization than conven-ation of Sample 2| (Fig. 10F) is larger than that of
tional B-mode imaging in this particular example. Sample 2H (Fig. 10E). Defining the high strain values at
The micrograph shown in Fig. 7 confirms that these 3 mm and 4.5 mm as a different tissue from that near the
distinct regions correspond to different tissues. The inner edges, and the high strain values at 3.5 mm and 5 mm as
part of the specimen corresponds to bundles of collagenanother different tissue from that at 3 mm and 4.5 mm,
fibers and the peripheral high-strain regions correspondthe CNR, is 43 dB and 32 dB, respectively. Figure 11
to circularly proliferated granulation tissue. shows the histology of Sample 2I. The micrograph indi-
Figure 8 compares a healthy sample (Sample 4H) to cates that the middle area corresponds to the high strain
the corresponding inflamed sample (Sample 41). Figure region and is filled with granulation tissues associated
8A and B show B-mode sonograms of Sample 4H and with necrosis. Note that muscle tissue also exists among
Fig. 8C and D for Sample 41. Sonograms of the healthy granulation tissues in Fig. 11. Hence, the change in tissue
tendon again appear as a homogeneous, hyperechoitype may explain the high strain variation in the middle
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Fig. 11. Micrograph of Sample 2I (Pair 2, inflamed). ©
225 ..................................................................... 225 ........................................................... granulatlon '[|Ssue pro||ferated Wlthln the Center muscle reg|0n
| e D Y | S (M); C = the peripherally spreading collagen bundles. (H&E
20X%).
i ';I'sl. ................................................................. l 75 ..............................................
! 5 Is ..........................................................
A S I O i Although the axial components of transverse strain
% ' | fields were successfully measured, reconstruction of the
4] | S | | S B e|a3t|c modulus requ”_es add|t|0na| |nf0rmat|0n_ |dea”y'
0.75 0.75 the elastic modulus can be calculated numerically based
0.5 0.5 on a set of linear equations made from both the static
equilibrium equations and the stress-strain constitutive
0.25 025 HEREEEal - .
equations. Unfortunately, the stress component cannot be

8 directly measured in most situations (including the ex-
F periments performed in this study). Therefore, alterna-
Fio. 10. Bomode sonoarams and strain fields for Samples 2H tive information must be provided to reconstruct the
angd 21 (Pair 2. health%/ and inflamed). (A) and (8) aﬁe | elastic modulus. Several papers in the I|teraturfa have
Sample 2H. (C) and (D) are for Sample 2I. (A) and (C) are addr_essed these issues (Kallel and Betrand 1996; Ponne-
sonograms in the transverse view; (B) and (D) are sonograms inkanti et al. 1994, 1995; Skovoroda et al. 1994, 1995;
the longitudinal view. The white arrows in (A) and (C) indicate Sumi et al. 1995). In general, a theoretical model for an
the boundary between two layers of gelatin. The white arrows jsotropic, continuous and almost incompressible medium
in (D) point out the suture artifacts. (E) Strain field of Sample g formuylated first. The elastic behavior of such a mate-
2H; (F) strain field of Sample 2I. - . .
rial can, thus, be completely characterized by the spatial
distribution of either the shear modulus or the Young's
modulus. Under static equilibrium conditions, the model
is reduced to a closed set of coupled differential equa-
tions in terms of the displacement vector. The elastic
modulus is then solved using the three-dimensional
(3-D) strain fields and boundary conditions. Implemen-
In this paper, we successfully measured the axial tation of this approach, however, is complicated by dif-
components of transverse strain fields in rabbit Achilles ficulties in measuring all components of the displace-
tendons using the baseband speckle-tracking algorithm.ment vector. Because typical ultrasonic imaging systems
Although tendons are generally harder to compress thanonly acquire two-dimensional (2-D) image data, the
normal soft tissues, the baseband speckle-tracking tech-Young’s modulus must be estimated based on displace-
nique was able to detect displacements as small as a fenment and strain fields from a single imaging plane. (
microns. The strain measurements showed reasonableaxial and lateral displacements). To simplify the 3-D
agreement with histology, whereas the contrast of the problem, either spatial symmetry must be assumed in the
sonograms was sometimes insufficient for tissue differ- distribution of elastic modulus, or the deformation must
entiation. It is concluded that strain imaging has the be carefully controlled (Skovoroda et al. 1995).
potential to be a useful tool for evaluating tendon disor- Analytic solutions could be found given particular
ders during the rehabilitation process. boundary conditions and distribution of the elastic mod-

2 4 6 2 4 6
Relative depth (mm) & Relative depth (mm)

2-mm region. The micrograph of Sample 2H was previ-
ously shown in Fig. 5.
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ulus. For example, Goodier (1933) derived an analytic sels, bone, ... etc.) may complicate the mechanical
solution for a compressible, uniformly deformed infinite boundary conditions. Because tendons are anisotropic,
medium with a spherical or cylindrical elastic inclusion 3-D image data may be required to determine the 3-D
embedded in the medium. Assuming plane strain state displacement field. On the other hand, because most
conditions, the 3-D problem can be reduced to a 2-D tendons are close and parallel to the skin surface, the
problem and analytic solutions for a circularly or linearly applied surface deformation may be easier to be perpen-
bonded inclusion can be found (Honein and Herrmann dicular to the long axis of the tendon and the required
1990; Kallel et al. 1996). In the case of plane strain state, deformation may be smaller than that for deep-lying
the out-of—plane displacement is either zero or relatively organs such as liver and kidney. With small surface
small and the in-plane displacements do not vary signif- displacements, the linear elasticity model becomes more
icantly as a function of the out-of—plane coordinate. This applicable. In addition, most of the tendons in the limbs
model is usually used to investigate large cylindrical exhibit a long cylindrical shape, which may make it
bodies with a uniform surface displacement along the easier to create plane strain state.
long axis of the cylinder (Kallel et al. 1996; Skovoroda et In conclusion, we have verified that the axial com-
al. 1995). By using the aforementioned approaches, dis-ponents of the tendon’s transverse strain fields can be
tribution of relative Young’s modulus can be recon- measured by US using the baseband speckle-tracking
structed. Furthermore, the absolute Young’s modulus in algorithm. We have also correlated the histology of the
the region of interest can be obtained as long as thetendon with its strain distribution. Compared to conven-
Young’s modulus of the referred medium is known. tional B-mode imaging, strain distribution may be a
Although such alternative techniques have been better tool for clinical evaluation of tendon disorders.
successfully verified, they are only applicable to isotro- Future works will focus on reconstruction of elastic
pic media. Due to the anisotropic nature of tendons, new modulus of inflamed tendons throughout the complete
reconstruction algorithms must be developed. For exam- recovery process.
ple, Levison (1987) has verified that a transversely iso- _ ,
tropic model provided a better it o elastic constants for NSSSIETERST vorcvas suppered b ear by NS crant,
muscle than an isotropic model. In addition, future work shieh and T-G. Wang of National Taiwan University Hospital for help
is focused on modifying the measurement setup to facil- in sonogram evaluation, and Dr. T-T. Wu of the Institute of Applied
tate the elastic modulus reconsiruction. The new system Yechancs for supporing materls o experiment, Enal. e o
is capable of directly estimating the elastic modulus of
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