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Time-Dependent Ultrasound
Echo Changes Occur in Tendon
During Viscoelastic Testing

The viscoelastic behavior of tendons has been extensively studied in vitro. A noninvasive
method by which to acquire mechanical data would be highly beneficial, as it could lead
to the collection of viscoelastic data in vivo. Our lab has previously presented acoustoe-
lasticity as an alternative ultrasound-based method of measuring tendon stress and strain
by reporting a relationship between ultrasonic echo intensity (B mode ultrasound image
brightness) and mechanical behavior of tendon under pseudoelastic in vitro conditions
[Duenwald, S., Kobayashi, H., Frisch, K., Lakes, R., and Vanderby Jr, R., 2011,
“Ultrasound Echo is Related to Stress and Strain in Tendon,” J. Biomech., 44(3), pp.
424-429]. Viscoelastic properties of the tendons were not examined in that study, so the
presence of time-dependent echo intensity changes has not been verified. In this study,
porcine flexor tendons were subjected to relaxation and cyclic testing while ultrasonic
echo response was recorded. We report that time- and strain history-dependent mechani-
cal properties during viscoelastic testing are manifested in ultrasonic echo intensity
changes. We also report that the patterns of the echo intensity changes do not directly
mimic the patterns of viscoelastic load changes, but the intensity changed in a repeatable
(and therefore predictable) fashion. Although mechanisms need further elucidation,
viscoelastic behavior can be anticipated from echo intensity changes. This phenomenon
could potentially lead to a more extensive characterization of in vivo tissue behavior.
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1 Introduction

Tendons connect muscle to bone, facilitating joint movement
and stabilization. Tendons also store and release energy during
motion [1]. The mechanical properties of the tendon are therefore
critical to tendon function and understanding the viscoelastic, or
time- and history-dependent, behavior of tendons is essential. Cus-
tomary methods of viscoelastic testing involve the use of animal
models [2-5] or cadaveric tissues [6,7] and extraction from the
body for testing in a mechanical test system, precluding direct study
of viscoelasticity in healthy, live tendons in their natural configura-
tion. The first step in such in vivo testing is a method by which
time-dependent information can be gathered noninvasively.

Because of its speed, safety, and affordability, ultrasound-based
techniques are gaining popularity for the evaluation of tissue prop-
erties. Speckle tracking can be used to measure displacement and
strain in the tissue [8,9]. Using traditional elastography, tracked
tissue displacement can be used to infer tissue stiffness [10,11];
this information can then be used to detect changes in tissue prop-
erties (i.e., stiffening of tumors) for diagnosis purposes [12].
Wave propagation velocity through the tissue (i.e., speed of
sound) can also be measured [13]. Using shear wave sonoelastog-
raphy, propagation of shear waves through the tissue of interest
can be measured and used to estimate tissue elasticity [14,15],
which can also be used to distinguish between tissue types (i.e.,
benign versus malignant tumors) [16,17]. Acoustoelastic theory,
originally developed by Hughes and Kelly [18], relates changes in
mechanical properties stress, strain, and stiffness to acoustic wave
velocity and amplitude [19]. Acoustoelastography, one applica-
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tion of acoustoelastic theory, is based on the relationship between
ultrasonic wave amplitude and mechanical stiffness and strain. In
one study, Kobayashi and Vanderby derived a relationship
between reflected A-mode ultrasonic wave amplitude and
mechanical behavior in pseudoelastic, incompressible materials
[20]; applied strains and normalized material coefficients (i.e.,
normalized stiffness) were determined from reflected ultrasound
wave data acquired while stretching rubber. As the rubber was
deformed, the stiffness increased and the magnitude of the
reflected ultrasound increased in a predictable manner.

This increased amplitude of the reflected ultrasound wave indi-
cates that the brightness of clinical B-mode images, or the “echo
intensity,” should increase with applied strain. This phenomenon
was verified in an in vitro B-mode ultrasound study, as tensioning
tendons increased the intensity of reflected ultrasound echo, lead-
ing to a brighter image [21]. A second in vitro study by Pan et al.
demonstrated a similar increase in echo intensity with increased
strain level in skin [22]. The presence of time-dependent echo in-
tensity changes as a result of viscoelastic behavior during in vitro
testing, however, has not been verified. The presence of such
changes would have implications in any ultrasound-based
mechanical estimation, and would have to be considered when
designing experimental protocols. The purpose of this study,
therefore, is to test the hypothesis that viscoelastic tendon
behavior affects ultrasonic echo intensity from B-mode images in
a reproducible and consistent fashion. If experiments support this
hypothesis, clinical ultrasound systems would hold the potential
to noninvasively quantify viscoelastic behavior.

2 Materials and Methods

2.1 Specimen Preparation. Porcine flexor tendons (n=15)
were excised from 15 limbs obtained from a local abattoir,
with care to keep the bony insertion intact while removing all
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extraneous tissue. The distal bone was potted in lightweight filler
(Evercoat, Cincinnati, Ohio) molded to match the interior of the
lower grip for a more secure hold. The proximal end of the tendon
was cleaned of all muscle tissue and the cross-sectional area
(assumed elliptical) was measured using calipers at three points
along the length of the tendon and averaged. Specimens were
then loaded into the mechanical test system (MTS Bionix, Minne-
apolis, MN) equipped with a bath filled with physiologic buffered
saline (which served to both keep the tendon hydrated and trans-
mit ultrasound waves), a 10001b load cell (Honeywell, Morris-
town, NJ), and custom-made grips [23], preloaded to 1N, and
preconditioned for 20s at 0.5 Hz using a sinusoidal wave to 2%
strain (using grip-to-grip displacement and initial length measure-
ments), followed by a 1000 s rest period.

2.2 Mechanical Testing. Tendons were split into two testing
groups. Group 1 (n=10) tendons were subjected to (1) stress
relaxation at 4% strain (40ms rise time, considered a step
displacement, held for 100s), followed immediately by a partial
recovery at 2% strain (100s), as well as to (2) cyclic testing
between 0% and 4% strain (10 cycles at 0.5 Hz). Each specimen
underwent three of each type of test (in randomized order) for a
total of six tests. A rest period of 1000s (at zero strain) was
allowed between each test.

Group 2 (n=15) tendons were subjected to stress relaxation test-
ing at 1%, 2%, 3%, 4%, 5%, and 6% strain (100 s). Each specimen
underwent one test at each strain level in randomized order, with
arest period of 1000 s between each test.

2.3 Ultrasound Analysis. B-mode cine ultrasound was
recorded (20 frames/s) during mechanical testing using a GE
12L-RS Linear Array Transducer at 12MHz and GE LOGIQe
ultrasound (General Electric, Fairfield, Connecticut). The ultra-
sound transducer was clamped in a fixed position (the bottom of
the transducer lined up with the bottom grip, 4 cm from the front
surface of the tendon, focused on the midline of the tendon) in a
custom platform connected to the testing bath (see Fig. 1).

The overall echo intensity (defined as the average gray scale
brightness of the selected region in the B-mode image) of the ten-
don, averaged over the entire region of interest (ROI), which
consisted of the entire visible area between the grips (front to
back surface along the midline), was calculated for each frame in
order to record the echo intensity changes over time (EchoSoft,
Echometrix, Madison, Wisconsin). Previous studies have shown
that porcine flexor tendon relaxation and recovery follow a power

to Load Cell
to Ultrasound
Electronics
Platform
Tendon
Ultrasound
Transducer
PBS-filled Bath
Fig. 1 Ultrasound bath setup used for mechanical and ultra-

sound testing; tendons were gripped in a stainless steel
bone block (stationary) and a custom soft tissue grip (attached
to actuator), the ultrasound transducer was fixed to a platform
for repeatable positioning. The bath was filled with saline to
maintain tissue hydration and facilitate ultrasound wave
propagation.
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law behavior in time, with the largest stress changes occurring in
the first few seconds [23,24]. Thus, echo intensity was recorded
during the first 5s of relaxation testing and during the first 5s of
recovery from relaxation. Likewise, the flexor tendons exhibit
transient behavior during early cycles of cyclic testing at 0.5 Hz
but behave in pseudoelastic fashion by cycle 8; thus, echo inten-
sity was recorded during the first three cycles (a total of 6 s) of the
cyclic testing.

2.4 Parameter Calculation. Force data from the MTS were
used to calculate stress (1st Piola Kirchoff). Data collected during
the stress relaxation testing of group 1 specimens were used to
calculate the maximum echo intensity change (represented as
percent change from the resting echo intensity, see Fig. 2(a)) as
well as the echo intensity change during the 5s of relaxation
(the difference between the echo intensity values at the onset of
relaxation and the echo intensity values after 5 s of relaxation, see
Fig. 2(a)). Corresponding mechanical parameters maximum stress
(see Fig. 2(c)) and stress decrease during the first 5s of relaxation
(Fig. 2(c)) were calculated from mechanical data (stress is calcu-
lated by dividing force by initial area). Data collected from the
recovery portions of the testing was also analyzed to calculate
the decrease in echo intensity during the first 5 s of recovery (see
Fig. 2(b)). The stress increase occurring during the first 5s of
recovery from relaxation was also calculated (Fig. 2(d)). See
Table 1 for full parameter definitions.

Data collected during the cyclic testing of group 1 specimens
were used to calculate the peak echo intensity change (represented
as percent change from the resting echo intensity, Fig. 3(a)) as
well as the echo intensity difference between the first and third
cycle (the difference between the peak echo intensity of the first
curve and the peak echo intensity of the third curve, Fig. 3(a)).
Likewise, the peak stress reached during cyclic testing (Fig. 3(b))
and the decrease in peak stress between the first and third cycle
(Fig. 3(b)) were calculated.

Data collected during the stress relaxation testing of group 2
specimens were used to calculate the maximum echo intensity
change (represented as percent change from the resting echo in-
tensity, see Fig. 2(a)) and maximum stress (see Fig. 2(c)) reached
during the 5 s of relaxation at each strain level.

An ANOVA was performed on the mechanical and ultrasound
results at various strains to determine statistical significance
between maximum values at each strain level. Statistically signifi-
cant differences were assumed for p <0.05.

3 Results

The average parameter value from the three trials was used for
analysis. Separate trials on each specimen gave repeatable echo
intensity changes, with deviation of less than 10% of the mean for
all parameters (deviations were 4.48%, 8.30%, 2.96%, 3.79%, and
6.12% of the mean for peak echo intensity change during cyclic
testing, increase in peak intensity between first and third cycles,
maximum echo intensity during relaxation, increase in echo inten-
sity during relaxation, and decrease in echo intensity during
recovery from relaxation, respectively).

Stress during relaxation followed a power law behavior in time,
and echo intensity increased with time. The maximum echo inten-
sity change reached during relaxation testing at 4% strain was
10.45 = 0.94% (mean = standard deviation), while the echo
intensity change during the 5s of relaxation was 3.12 = 0.35%
(Fig. 4(a)). The echo intensity decrease in the first 5s of recovery
following relaxation was 5.51 = 1.11% (Fig. 4(b)). The corre-
sponding maximum stress reached during relaxation testing at 4%
strain was 3.07 = 1.25 MPa, with a 0.64 = 0.19 MPa decrease in
stress over the first 5 s of relaxation (Fig. 4(c)). The stress increase
during the first 5s of recovery following relaxation was
0.032 = 0.009 MPa (Fig. 4(d)). Echo intensity changes are nega-
tively correlated with stress changes during (Fig. 4(e)) relaxation
(R*=0.79435) and (Fig. 4(f)) recovery (R* = 0.90622).
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Fig. 2 Ultrasound parameters collected during (a) stress relaxation and (b) recovery testing,
and mechanical parameters collected during (c) stress relaxation and (d) recovery testing. Ultra-
sound parameters include maximum echo intensity change (comparable to max stress in (c),
echo change during relaxation (comparable to stress decrease in (c), and echo change during
recovery [comparable to stress increase in (d)]. Note that the initial jumps in echo intensity and
stress correspond to the jump in load that accompanies the step displacement input.
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Fig. 3 Cyclic testing parameters for (a) ultrasound testing and (b) mechanical testing, includ-
ing maximum echo intensity change (comparable to peak stress) and echo change between

cycles (comparable to stress decrease)

Peak echo intensity change reached during cyclic testing at 4%
strain was 10.71% = 1.42%, and the increase in peak echo inten-
sity between the first and third cycles was 1.42 % 0.60%
(Fig. 5(a)). The peak stress reached during cyclic testing at 4%
strain was 3.25 = 1.33 MPa, and the decrease in peak intensity
from the first and third cycles was 0.21 £ 0.08 MPa (Fig. 5(b)).
Echo intensity changes are negatively correlated with stress
changes (Fig. 5(c)) during cyclic testing (R*>=10.82809).

Journal of Biomechanical Engineering

Echo intensity change increased as the relaxation strain
increased (Fig. 6(a)). Maximum echo intensity changes during
relaxation at 1%, 2%, 3%, 4%, 5%, and 6% strain were
240=*0.67%, 6.02=*0.40%, 8.34=*=0.82%, 10.58*0.58%,
12.70 = 1.08%, and 16.29 = 1.55%, respectively. Likewise, stress
increased as the relaxation strain increased (Fig. 6(b)). Maximum
stress during relaxation at 1%, 2%, 3%, 4%, 5%, and 6%
strain were 0.25 = 0.05MPa, 0.71 = 0.13 MPa, 1.64 = 0.29 MPa,
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Fig. 4 Echo intensity and stress changes during stress relaxation and recovery from relaxation. (a) Echo inten-
sity increases during stress relaxation at 4% strain; (b) echo intensity decreases during recovery (at 2% strain)
from relaxation. (¢) Maximum stress reached and stress decreases during relaxation at 4% strain; (d) stress
increases during recovery (at 2% strain) from relaxation. Results demonstrate the stress or echo intensity
changes of one representative specimen (open circles indicate data points) together with the average results of
all 10 specimens, including average increase/decrease (dotted arrow) and average maximum echo intensity
(filled circle with error bars). Error bars indicate one standard deviation. Note that the echo intensity response
includes a sharp increase/decrease during step displacement as well as steady increase/decrease during relax-
ation/recovery. Also note that the echo intensity during recovery does not return fully to zero in the 5s plotted,
which would be anticipated based on the slower rate of recovery [23]. Echo intensity changes are negatively
correlated with stress changes during (e) relaxation (R* = 0.79435) and () recovery (R® = 0.90622).
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Fig. 5 (a) Echo intensity changes and (b) mechanical stress changes during cyclic testing to
4% strain. Results demonstrate the echo intensity and stress changes of one representative
specimen (open symbols represent data points) together with the average results of all speci-
mens in the group, including average maximum echo intensity change and maximum stress
(filled symbols with error bars) and average increase/decrease (dotted arrow). Error bars indi-
cate one standard deviation. (c) Echo intensity changes are negatively correlated with stress

changes during cyclic testing (R* = 0.82809).

3.11 £0.43 MPa, 5.06 = 0.74 MPa, and 8.14 = 0.84 MPa, respec-
tively. Maximum echo intensity and stress were significantly
different at each strain level (p < 0.001 for each case), and a loga-
rithmic relationship exists between maximum echo intensity
change and strain level (Fig. 6(c); R>=10.8983).

4 Discussion

We have previously reported the correlation between ultra-
sound echo intensity changes and stress and strain in the tendon
under pseudoelastic conditions. In this study we examined the
presence of nonelastic echo intensity changes in response to visco-
elastic testing. In particular, stress relaxation, recovery from relax-
ation, and the initial three cycles of cyclic testing were examined.
In each case, time- and strain history-dependent echo intensity
changes were observed. This study therefore supports our hypoth-
esis that time-dependent tendon behavior affects ultrasonic echo
intensity from B-mode images in a reproducible and consistent
fashion.

During the step strain input of stress relaxation testing, echo
intensity increased sharply (Fig. 4(a)). This sharp increase in echo
intensity mimics the sharp increase in both load and strain during
the step displacement. As the strain was held during further relax-
ation, the echo intensity continued to increase at a steady rate. The
continued increase in echo intensity differs in behavior from both
load (which decreases at a steady rate during relaxation) and strain
(which is held constant).

Journal of Biomechanical Engineering

The echo intensity changes observed during stress relaxation
increased as the strain input increased. This was evident in both
the increase in maximum echo intensity changes and the increased
slope of the echo intensity curves as seen in Fig. 6(a).

During recovery from stress relaxation, the trends in echo inten-
sity reversed; echo intensity decreased sharply during the step
displacement input (in the negative direction), then continued to
decrease at a steady rate during recovery. Similar to the echo in-
tensity changes during relaxation, the sharp decrease in intensity
mimics the sharp decrease in both load and strain during the step
displacement in the negative direction, but the continued echo in-
tensity decrease differs in behavior from load (which increases
during recovery) and strain (which is held constant). The total
change in echo intensity during the first 5s of recovery is less than
the total change in echo intensity during the first 5 s of relaxation,
which mirrors the rate difference seen between relaxation and
recovery (recovery progressing at a slower rate than stress relaxa-
tion) in the mechanical results here and in previous mechanical
testing [24].

The general shape of the echo intensity changes during cyclic
testing was similar to those seen in the pseudoelastic experiments
[21], with the exception of the increase in peak echo intensity
over the first three cycles. The cyclic changes in intensity mimic
the cyclic pattern in displacement and load, but the increase in
peak intensity with each cycle differs from load, which has
decreasing peak load with each cycle, and displacement, which
has the same peak strain with each cycle (Fig. 5).
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Table 1

=0.8983).

Parameter definitions

Parameter

Calculation

Relaxation

Ultrasound Parameters

max echo intensity change during relaxation
echo change during first 5s

Mechanical Parameters

maximum stress during relaxation

stress change during first 5s

Recovery

Ultrasound Parameter

echo change during first 5s
Mechanical Parameter

stress change during first 5s

Cyclic

Ultrasound Parameter

peak echo intensity change (%)

echo change between first three cycles
Mechanical Parameter

peak stress

stress change between first three cycles

(maximum intensity — resting intensity)/resting intensity x 100
% echo intensity change at 5.1's — % echo intensity change at 0.1 s*

maximum stress (stress at 0.1 s)
stress at 0.1s* — stress at 5.1's

% echo intensity change at 0.1 s — % echo intensity change at 5.1s

stress at 5.1 s — stress at 0.1's

(peak intensity — resting intensity)/resting intensity x 100

(% echo intensity change at peak of cycle 3) — (% echo intensity change at peak of cycle 1)

maximum stress (stress at peak of cycle 1)
stress at peak of cycle 1 — stress at peak of cycle 3

“Data collection begins at 0.1 s; thus 5 s of relaxation occurs between 0.1 and 5.1's.

The increasing intensity during relaxation (Fig. 4(a)), as well
as the increased peak intensity during the first three cycles of
cyclic testing (Fig. 4(a)), is interesting and was not expected.
Parameters affecting reflected intensity are stiffness, stress, and

111006-6 / Vol. 134, NOVEMBER 2012

density for a homogeneous material. In tendon, stress is reduced
during stress relaxation (Fig. 4(c)) and peak stresses during
cyclic testing decrease over the first three cycles (Fig. 5(b)). The
unexpected time-dependent increases in echo intensity occurring
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during stress relaxation can be correlated to tissue-related mech-
anisms which may contribute to this phenomenon. Possible
mechanisms include the temporal microstructural reorganization
[25,26] associated with fiber alignment in the tissue. The inten-
sity changes may also be related to the superposition of reflected
waves from various reflector fibers whose spacing could be
changing (i.e., a microstructural effect different from the homog-
enized model predictions). Alternatively, water movement out of
the tendon [27-29] may increase local density. The influence of
superposition of waves could be investigated by varying the fre-
quency (and thus the wavelength) of the ultrasound signal. The
presence of other mechanisms can be confirmed by a series of
experiments, i.e., hydration assays for water movement and
imaging methods such as polarized microscopy or second har-
monic imaging to analyze collagen fibers. However, determining
the influence of each mechanism is a complex question, and it
would be difficult to perform an experiment that isolates one
mechanism (i.e., hydration) without altering other factors as well
(i.e., fiber spacing).

Current ultrasound-based methods such as traditional elastogra-
phy (using wave theory) and acoustoelastography (which draws
on the concepts of acoustoelastic theory) do not account for time-
dependent behavior associated with viscoelasticity during testing,
and would require reformulations to do so. Elastography has some
inherent limitations that limit its ability to measure viscoelastic
behaviors. For example, the wave theory equations utilized in
elastography are not strain dependent, and therefore it uses
only an initial and end state for analysis. This precludes it from
defining the strain-dependent viscoelastic behavior previously
demonstrated in tendon [23,24] unless by linear increments. Fur-
thermore, to avoid errors arising from tissue strain dependence,
elastography experiments in soft tissues are traditionally limited
to very small (<1% strain) strains; when soft tissues were tested
under larger deformations and were therefore nonlinear in stiff-
ness, significant errors occurred [30,31]. Limiting experiments to
such small strains could make measuring viscoelastic changes dif-
ficult in tendon, as viscoelastic changes at such low strains are
smaller than at higher physiologic strains, and the viscoelastic
portion of the behavior is a small fraction of the total behavior
(i.e., less than 1%) [23,24]. Finally, elastography methods track
points from the unloaded to loaded state, inferring stiffness from
measured strain; strain alone is not sufficient to describe visco-
elastic changes, particularly when considering stress relaxation (as
strain remains constant during the test). Acoustoelastic theory
equations are strain dependent and incorporate changes in
reflected echo, making them more flexible for future reformula-
tions to contain time-dependent parameters. However, neither
approach currently considers time-dependent ultrasound changes
due to viscoelastic behavior. Researchers must take this into
account when designing experiments based on these methods (i.e.,
making sure the tissue is in a pseudoelastic state with sufficient
loading cycles prior to data collection) to avoid time-dependent
inconsistencies.

The present study investigated isolated tendons in a controlled
environment in order to confirm the presence of time-dependent
changes in echo intensity during static and cyclic loading. Trans-
lating the method to measure such changes in vivo will require
addressing challenges associated with traditional ultrasound imag-
ing, such as anisotropy and interposing tissue, and additional
issues arising from viscoelastic testing, such as controlling strain
history and precise loading protocols. Keeping the transducer
parallel to the tendon of interest (or the region of interest on the
tendon) will reduce effects of anisotropy. Also, many tendons of
interest (i.e. Achilles, patellar, and supraspinatus tendons) are
fairly superficial, reducing the effects of interposing tissue. Rest
protocols prior to and between tests will allow for viscoelastic re-
covery in the tendon, and activity restrictions help to control strain
history. Use of dynamometers allows for controlled loading and/
or displacement, and methods involving muscle stimulators can
simulate step loading (creep) methods.
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The major limitation of this study is its applicability to in vivo
measurements. Controlled ex vivo loading in a test frame creates
ideal conditions which cannot be readily replicated in vivo.
Additionally, only one tendon is considered (porcine digital flexor
tendon), and different tendons may exhibit varying behavior based
on composition and viscoelastic characteristics. A weight-bearing
tendon was chosen to be functionally similar to commonly
injured tendons (i.e., Achilles tendon), but differences may
still impair translation. Another limitation of this technique is
that grayscale images collected from the clinical ultrasound were
log-compressed and digitized from RF signals; this type of image
processing may increase measurement error and reduce signal-to-
noise. However, the average baseline intensity was 62.0 (on a
scale of 0 to 255), and the average noise in the region was 0.1, so
the change in absolute intensity was more than ten times the size
of the noise in the region. Furthermore, the echo intensity changes
were correlated to mechanical changes in the tendon, but the abil-
ity of the ultrasound data to predict stress values was not rigor-
ously examined; this could be a potentially interesting avenue to
pursue with future work.

Although mechanisms need further elucidation, we have shown
that time-dependent mechanical properties during viscoelastic
testing are manifested in ultrasonic echo intensity changes.
Though the patterns of the echo intensity changes do not directly
mimic the patterns of viscoelastic load changes (increasing
where load would decrease), the intensity changed in a repeatable
(and therefore predictable) fashion. Thus, the viscoelastic echo
intensity behavior can be anticipated during future testing. This
phenomenon could potentially lead to a more extensive character-
ization of in vivo tissue behavior.
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