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ARTICLE INFO ABSTRACT

Heel lifts are commonly prescribed to patients with Achilles tendinopathy, yet little is known about the effect
on tendon compressive strain. The purposes of the current study were to (1) develop a valid and reliable
ultrasound elastography technique and algorithm to measure compressive strain of human Achilles tendon
in vivo, (2) examine the effects of ankle dorsiflexion (lowering via controlled removal of a heel lift and partial
squat) on compressive strain of the Achilles tendon insertion and (3) examine the relative compressive strain
between the deep and superficial regions of the Achilles tendon insertion. All tasks started in a position
equivalent to standing with a 30 mm heel lift. An ultrasound transducer positioned over the Achilles tendon
insertion was used to capture radiofrequency images. A non-rigid image registration-based algorithm was
used to estimate compressive strain of the tendon, which was divided into 2 regions (superficial, deep). The
bland-Altman test and intraclass correlation coefficient were used to test validity and reliability. One-way
repeated measures ANOVA was used to compare compressive strain between regions and across tasks.
Compressive strain was accurately and reliably (ICC > 0.75) quantified. There was greater compressive strain
during the combined task of lowering and partial squat compared to the lowering (P=.001) and partial squat
(P <.001) tasks separately. There was greater compressive strain in the deep region of the tendon compared
to the superficial for all tasks (P=.001). While these findings need to be examined in a pathological popu-
lation, heel lifts may reduce tendon compressive strain during daily activities.
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Scott et al., 2015), heel lifts are considered a component of stan-
dard care for Achilles tendinopathy.

1. Introduction

Achilles tendinopathy affects approximately 6% of the general
population during their lifetime (Kujala et al., 2005). One third of
cases occur at the insertion (Fig. 1), known as insertional Achilles
tendinopathy (IAT) (Karjalainen et al., 2000). A small wedge in the
shoe, i.e. a heel lift, is often prescribed to relieve Achilles tendi-
nopathy symptoms. Given that dorsiflexion requires tendon
elongation, a heel lift positions the ankle in relative plantar flexion
and thus reduces overall tendon strain (Farris et al., 2012). Addi-
tionally, heel lifts decrease plantar flexor muscle activity during
walking (Akizuki et al., 2001; Johansoni et al., 2010; Lee et al.,
1990), which reduces force on the tendon. Although there is lim-
ited evidence supporting its therapeutic use (Carcia et al., 2010;

* Corresponding author. Tel.: +319 335 7149.
E-mail address: ruthchimenti@gmail.com (R.L. Chimenti).

http://dx.doi.org/10.1016/j.jbiomech.2015.11.008
0021-9290/© 2015 Elsevier Ltd. All rights reserved.

Heel lifts may have an additional therapeutic role in the treat-
ment of IAT by reducing calcaneal impingement. During dorsi-
flexion the posterior-superior surface of the calcaneus impinges
against the deep side of the tendon insertion (Leitze et al., 2003;
Shibuya et al, 2012) (Figs 1 and 2). This location of calcaneal
impingement may contribute to IAT pathology, which is more
prevalent on the deep side of the Achilles tendon (Karjalainen et al.,
2000). Theoretically, an effect of common non-surgical (heel lifts)
and surgical (resection of the posterior-superior calcaneal promi-
nence) treatments for IAT may be a reduction of calcaneal impin-
gement. However, to date there is no literature describing the
magnitude or pattern of tendon compression during dorsiflexion,
which could inform clinical theories on IAT treatment.

Ultrasound elastography is a quickly emerging technique that is
effective at quantifying motion in a variety of human tissues (Atha-
nasiou et al., 2010; Gennisson et al., 2010; Lopata et al., 2010; Muller
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et al., 2009). In ultrasound elastography a sequence of images is col-
lected as the tissue deforms. Select image pairs are compared to
measure the deformation, i.e. tissue displacements, over the sequence
of images. Strain maps can then be created from the resulting defor-
mation measurements (Ophir et al, 1991). A limitation of ultrasound
elastography is that the quality of the displacement, and subsequent
strain, estimates decreases as tissue deformation increases (Cespedes
and Ophir, 1997; Varghese, 1997). This is primarily due to an effect
known as strain decorrelation, in which the image pair similarity is
degraded by the relative motion of tissue features (e.g. acoustic scat-
terers) at a particular location (Kallel et al.,, 1997). Many researchers
have published methods to compensate for strain decorrelation and
improve the accuracy of strain estimates. A non-rigid image registra-
tion based strain estimator has been used in 3D static ultrasound
elastography (Richards et al., 2009) and 2D intravascular ultrasound
elastography (Richards and Doyley, 2013) to improve the quality of
displacement and strain measures. Given that functionally the Achilles
tendon experiences high strains, there is an inherent risk of strain
decorrelation with in vivo measurements. Validation of an algorithm to
process radiofrequency data is needed to test the accuracy of Achilles
tendon strain estimates during activity.

Ultrasound elastography has been primarily utilized to quantify
motion along the longitudinal axis of the tendon (Brown et al.,
2013; Farris et al., 2012; Farron et al., 2009; Franz et al., 2015; Kim
et al,, 2011; Korstanje et al., 2012; Lichtwark and Wilson, 2006;
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Fig. 1. During ankle dorsiflexion the posterior-superior prominence of the calca-
neus impinges on the deep side of the Achilles tendon insertion.

Slane and Thelen, 2015; Yoshii et al, 2011). There is a lack of
information on motion along the short axis of the tendon, which
may have clinical implications for the treatment of insertional
tendinopathies. In the current study, compressive strain is defined
as the minimum principal strain. Due to the orientation of the
maximum principal strain with the direction of tendon alignment
(Fig. 3b), the compressive strain represents a coordinate system-
independent measure of strain along the short axis of the tendon
that is insensitive to probe positioning. The greater accuracy of
quantifying compressive strain in parallel to the ultrasound beam,
as opposed to tendon elongation perpendicular to the ultrasound
beam (Lopata et al., 2009), affords the potential to accurately cap-
ture relatively large in vivo strains experienced by the Achilles
tendon.

The purposes of the current study were to (1) develop a valid and
reliable ultrasound elastography technique and algorithm to measure
compressive strain of human Achilles tendon in vivo, (2) examine the
effects of ankle dorsiflexion (lowering via controlled removal of a
heel lift and partial squat) on compressive strain of the Achilles
tendon insertion in healthy adults and (3) examine the relative
compressive strain between the deep and superficial regions of the
Achilles tendon insertion. The first hypothesis was that the algorithm
used to analyze radiofrequency images would be a valid and reliable
means of using ultrasound elastography to quantify tendon com-
pressive strain. The second hypothesis was that ankle dorsiflexion
would increase compressive strain. The third hypothesis was that
there would be greater compressive strain in the deep region of the
tendon compared to the superficial during dorsiflexion.

2. Methods
2.1. Study participants

Ten adults (Sex: 4F/6M, Age: 35.7 + 13.9 yrs, BMI: 24.1 + 3.4 kg/m?) without Achilles
tendinopathy participated in the study. Participants were excluded if they had a con-
dition that affected the Achilles tendon, including Achilles tendinopathy, rheumatolo-
gical disease, diabetes, or history of ankle surgery. All subjects were informed of the
study procedures and signed a consent form approved by the the University of
Rochester's Research Subjects Review Board.

2.2. Experimental procedures

Tendon compressive strain was assessed during three weight-bearing tasks:
(1) Lowering via a controlled removal of a heel lift, (2) Partial squat and (3) Lowering
and partial squat (Fig. 2). All tasks started from the same position in standing with
the heels at a 17° inclination relative to the toes, which is comparable to a 30 mm
heel lift height. A pneumatic heel lift was built to passively lower the heels from a
height of 30 mm (17° inclination) to a level surface. An inclinometer was used to
achieve an equivalent inclination of the platform between tasks and participants. Air
was released from the lift over a 3 s interval. Participants were instructed to perform
a partial squat to their maximum tolerated ankle dorsiflexion over a time period of
approximately 3 s, while maintaining their heels on the supporting surface. The

Fig. 2. All tasks were performed starting from the position shown in image a. The three tasks include: (1) Lowering (a)-(b), (2) Partial squat (a)-(c) and (3) Lowering and
partial squat (a to b to c). The tape marks the position of the fibular head and lateral malleolus.
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Fig. 3. Image series for one participant demonstrating (a) the regions of the Achilles tendon insertion with the superficial region outlined in solid blue line and the deep
region in dashed blue line, (b) green lines represent the principal strain directions, (c¢) strain map during the combined task of lowering and partial squat and (d)-(f) range of
strain maps in 3 different healthy adults during the combined task of lowering and partial squat . (For interpretation of the references to color in this figure, the reader is

referred to the web version of this article)..

participants performed one practice trial of the partial squat, and then each task was
repeated twice and the average was used as a representative trial.

Leg inclination was measured from videos recorded during each task. Reflective
tape was placed on the fibular head and at the level of the lateral malleolus (Fig. 2). Leg
inclination, as a function of time, was defined as the angle of the line between these
two markers relative to the floor on each video frame. To capture Achilles tendon
compressive strain an Ultrasonix, Sonix Touch Ultrasound system, capable of collecting
the raw radiofrequency (RF) image data, and a linear array probe (L9-4/38) were used.
The ultrasound images were collected with a center frequency of 10 MHz, a sampling
frequency of 40 MHz, a depth of 3 cm and at a frame rate of 128 Hz. The ultrasound
probe was stabilized by a custom 3D printed plastic shell, which was fixed to an ankle
brace that had been modified by removing the fabric covering the tendon insertion
(Fig. 2). An Aquaflex Ultrasound Gel Pad (Parker Laboratories, Fairfield, NJ) was used
between the skin and the probe to improve contact and image quality.

To compare strains at equivalent leg inclinations for all subjects, the minimum
principal strain was quantified at a leg inclination of 15°. This is similar to the
amount of dorsiflexion needed to perform daily tasks such as walking and stair
ascent (Andriacchi et al.,, 1980; Nester et al., 2014). Leg inclination measurements
and ultrasound image data were visually inspected for the start and end of leg and
calcaneal motion, respectively. Because the data was captured at different frame
rates, the leg inclination was linearly interpolated to match the timing of the strain
values.

2.3. Data analysis

Ultrasound strain measurements were calculated by first decimating in time
the RF image frames, such that approximately 50 image frames spanned the time
between the start and end of leg and calcaneal motion. A non-rigid image regis-
tration based strain estimator described previously (Richards et al., 2009; Richards
and Doyley, 2013) was adapted to measure the total strain over the task. A 2D block
matching, cross correlation based algorithm (Richards and Doyley, 2013) was used

to obtain an initial estimate of the relative displacement fields for each successive
frame. Measurements were performed using a window size of 5.4 mm axially and
1.8 mm laterally, with 90% and 33% overlap, respectively. The axial and lateral
displacement measurements were then spatially smoothed with a moving average
filter (3 x 3) and accumulated in time to approximate the total displacement field.

The image registration algorithm was designed to measure to the total dis-
placement field from the initial image frame to the final frame, with common
reference coordinates. The optimization function used for this work, adapted from
Richards and Doyley (2013), was:

o001 = 301 [ w0~ e i)’

+ 5 (VW =)™V (w1 ) ™) dQ )

Here, I(x) was the ith frame of the 2D ultrasound image sequence and u{x) was the
ith displacement measurement in two dimensions. All displacement fields share a
common reference coordinate system, X, with the initial image frame (i.e. u;(x)=0).
Subsequent image frames are non-linearly warped by the current guess of the dis-
placement measurement. The first term in the above equation is a least squares
matching of the ith image frame to each subsequent (ith + 1) frame. The second term is
a regularization of the incremental, frame-to-frame strain tensor fields, which is cal-
culated as the symmetric part of the displacement gradient (= vVu®"=(Vu+ vu')/2).
The regularization parameter, o, was empirically set to 2e11 for all measurements. For
analysis, the total strain tensor field is calculated from the total displacement field
(en=Vuy®™). The maximum and minimum principal strain components are found by
calculating the eigenvalues of the total strain fields. Compressive strain was defined as
the minimum principal strain, therefore a larger negative number indicated a greater
compressive strain.

The region of tendon overlying the bursal prominence, defined as 1cm of
tendon distal to the most superior portion of the posterior calcaneus, was selected
for analysis. It was then further subdivided into two equal height regions of
interests: superficial and deep (Fig. 3a). The compressive strain at a 30 mm heel
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height was operationally defined as 0%. The tracking of tissue displacement
superimposed on a b-mode ultrasound video concurrent with the tendon com-
pressive strain during the combined heel lowering and partial squat task can be
viewed with the electronic version of this manuscript.

2.4. Validity and reliability

The validity of the strain measurement algorithm was tested by simultaneously
compressing a tissue mimicking phantom a known amount using a caliper and
imaging with ultrasound. A 10% by mass polyvinyl alcohol (PVA), 0.2% silica and
water solution was molded into a 1 cm height x 2 cm width x 4 cm length sample
and cycled through several freeze-thaw combinations to form a phantom with
ultrasound properties mimicking those of homogeneous soft tissue. A custom
designed caliper attachment was 3D printed in plastic to hold the ultrasound
transducer in line with the phantom. The US image was aligned axially with the
phantom height (1 cm), laterally with the phantom length (4 cm) and positioned in a
central location along the phantom width (Fig. 4a). Ultrasound image sequences
were acquired while the tissue phantom was compressed from an initial width of
10 mm to a final compressed length (Fig. 4b). The initial and final compressive strain
was measured directly via a caliper to the nearest 10 pum. Six image sequences were
acquired during compressive strain with known caliper-imposed strain values ran-
ging from 5 to 30%. Compressive strain was calculated in the same manner as the
Achilles tendon estimates. A centrally located region of interest was isolated within
the imaged phantom area with an approximate area of 8 mm axially and 28 mm
laterally (Fig. 4b) and it was assumed that within this image region the measured
strain should be approximately constant and equal to the caliper-imposed strain
values. The Bland-Altman test was used to test the agreement between caliper
imposed and ultrasound elastography measured strain estimates.

The effect of transducer motion relative to the skin on compressive strain was
minimal compared to the magnitude of strain during dorsiflexion tasks. The ankle
brace and transducer were positioned on a subject, and the probe was moved in
several directions to approximate the maximum amount of probe motion within
the brace. The transducer displacements, including elevational shifts (up and

a

inch/mm

TR |

OFF WWON W ZERO

R.L. Chimenti et al. / Journal of Biomechanics B (ANER) ERE-REN

down) and lateral shifts (left and right), of 4 mm were measured with a digital
caliper. In addition, just above the plastic shell component of the brace, the
transducer was pushed 4 mm on each side resulting in a lateral tilt of the trans-
ducer. Each pair of data (up/down, left/right, tilt to left/right) was averaged to
estimate the effect of each type of motion.

For test-retest reliability the heel lowering task was repeated four times in two
subjects. The ankle brace and probe were removed and repositioned between each
trial. The intraclass correlation coefficient for the superficial and deep regions of
the tendon was examined.

2.5. Statistical analysis

Two-way repeated measures ANOVA was used to examine the effect of task
(lowering from a heel lift, partial squat and a combination of both tasks in suc-
cession) and tendon region (superficial, deep). Pairwise comparisons with Bonfer-
roni correction were used to compare the amount of tendon strain between tasks.
Statistical significance was defined as a two-tailed P value < 0.05.

3. Results

There was good agreement between the ultrasound elastography
estimates and the caliper-induced strain. The values for the caliper-
imposed strain (€.) and the mean and standard deviation of the
elastographic strain (&,s) are shown in Fig. 4c. Ultrasound elastography
underestimated the caliper-induced strain by 2.2% (95% confidence
interval of the mean difference was 0.9-3.4%). The Bland-Altman test
indicated that there was not a proportional bias in the difference
between measures as a function of the average value of the measures
(P=0.332). Motion of the transducer relative to the skin resulted in
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Fig. 4. (a) Ultrasound elastography validation setup and PVA tissue mimicking phantom. Caliper was used to control the magnitude of the phantom compression, (b) B-mode
ultrasound image of tissue mimicking phantom with region of interest outlined in green and (c) caliper induced compressive strain (A) for 6 trials and their corresponding
ultrasound elastography strain measurements (o) . (For interpretation of the references to color in this figure, the reader is referred to the web version of this article)..
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minimal error ( <1%) of strain estimates (up/down: deep= —0.2%,
superficial= — 0.3%; left/right: deep= —0.5%, superficial= — 0.8%; tilt-
ing: deep= — 0.3%, superficial= — 0.7%). The test-retest reliability was
good for the deep (ICC=0.89, SEM=2.0%) and superficial (ICC=0.78,
SEM=2.1%) regions of the tendon.

There was a main effect of task (P <.001) and tendon region
(P=.001) on strain (Fig. 5). Pairwise comparisons demonstrated
that there was greater compressive strain during the combined
task of lowering and partial squat compared to lowering (P=.001)
and a partial squat (P <.001). There was no statistical difference in
tendon strain between the individual tasks of lowering and partial
squat (P= 1.000). There was significantly greater strain in the deep
region (Lowering: —12.2 4+ 6.0%, Partial squat: —11.8 + 5.8%, Low-
ering and partial squat: —20.7 4+ 8.1%) of the tendon compared to
the superficial (Lowering: —8.3 +4.5%, Partial squat: —7.4 +4.2%,
Lowering and partial squat: —14.7 + 6.1%) for all tasks (P=0.001).

4. Discussion

This is the first study to report compressive strains in the Achilles
tendon and show that the deep side of the tendon compresses more
than the superficial region during dorsiflexion. Given that the deep
side of the Achilles tendon insertion is often the primary site of
pathology in patients with IAT, the findings of the current study
highlight the potential need to reduce compressive strain of the
tendon insertion in this population. Also, this is the first study to
demonstrate that heel lifts reduce compressive strain of the Achilles
tendon insertion in healthy adults. The development of a valid and
reliable ultrasound elastography method to quantify compressive
strain could be a useful tool to assess the effectiveness of interven-
tions designed to alter compressive strain of the tendon insertion.

Advantages of using the non-rigid image registration based
strain estimator used in the current study include its ability to
accurately estimate in vivo tendon compressive strain with high
reliability. The relatively low error ( < 1%) that occurred when the
transducer was moved relative to a stationary tendon highlight the
ability of the algorithm to track tissue specific landmarks relative to
tissue in the same field of view. In addition this technique was able
to reliably capture high magnitudes of strain in vivo. Yet the tech-
nique is not without limitations, strain decorrelation can still affect
the measurement of tendon compressive strain. In our experience,
there were three key factors that contributed to poor image simi-
larity: (1) change in echogenicity with tendon strain (Duenwald
et al,, 2011), (2) occasional artifacts due to out of plane motion and
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Achilles tendon regions and between tasks. Tendon compressive strain was quan-
tified by the minimum principal strain during 3 tasks.

(3) changes in the rate of tendon strain. The first two factors are
inherent to examining the Achilles tendon in vivo with 2D imaging,
and the third can be adjusted be altering the frequency of frames
used for analysis. While initially a similar number of image frames
were used for analysis for all subjects, there were a few trials in
which we increased the number of frames to compensate for a large
increase in strain rate. Despite these factors lowering image simi-
larity, the algorithm was robust enough to detect consistent pat-
terns of compressive strain within the Achilles tendon insertion.

The first hypothesis of the study was supported by lower ten-
don compressive strain when performing a partial squat with a
heel lift than without (P <.001). Both ankle dorsiflexion (Partial
squat: —11.8 +5.8%) and lowering from a heel lift (Lowering:
—12.2 +6.0%) resulted in compressive strain of the deep side of
the Achilles tendon insertion. Yet the amount of compressive
strain nearly doubled when both of these tasks were combined
(Lowering and partial squat: —20.7 + 8.1%). Based on these find-
ings, tendon compressive strain can be minimized by either
avoiding squatting activities, which require ankle dorsiflexion, or
using heel lifts, which places the ankle into relative plantar flexion.

The second hypothesis was supported by greater compressive strain
on the deep side of the tendon compared to the superficial region. This
finding was consistent across all tasks and among all participants in the
current study (P= 0.001). The magnitude of compressive strain mea-
sured in the current study includes a decrease in tendon thickness that
naturally occurs during tendon lengthening due to the Poisson effect
(Vergari et al., 2011). The pattern of increased compressive strain at the
location where patients with IAT typically have pathology, indicates that
this area of the tendon insertion experiences greater compressive strain
than would be expected due to tendon lengthening alone. Theoretically,
repeated compressive strain of the Achilles tendon during daily activ-
ities could lead to adaptation and/or pathology of the tissue. Further
research is needed to understand how pathology affects the pattern of
compressive strain within the tendon.

A limitation of the methods in the current study was achieving a
state of zero compressive strain for the Achilles tendon. Ideally, there
would be no forces on the Achilles tendon in the reference position
for each task, such as sitting with the ankle plantar flexed. However,
in pilot work it was difficult to maintain the region of interest within
the transducer's field of view during the transition from non-weight-
bearing to weight-bearing. To reduce superior-inferior motion yet
still achieve a low stress state, a weight-bearing reference position of
standing with the ankle plantar flexed was used. A heel lift height of
30 mm, or inclination of 17°, was chosen since it is toward the upper
end of what we considered feasible to wear as a shoe insert. Thus,
although the current study was unable to quantify the amount of
tendon compressive strain relative to a true zero stress state, mea-
surements were successfully performed with a low-stress reference
position. Another limitation is that the heel lift height of 30 mm is
greater than that prescribed in common clinical practice. A standard
heel lift given to IAT patients is typically 12-15 mm thick, however
this height is not chosen based on clinical evidence of efficacy. Fur-
ther research is needed to determine if lower heel lift heights are
effective at reducing tendon compressive strain.

5. Conclusions

This is the first study to report that the area of the tendon insertion
often involved in IAT pathology experiences greater compressive strain
than more superficial regions during dorsiflexion. This finding impli-
cates a potential role of compressive strain in the development and
progression of IAT. This is also the first study to demonstrate that a
heel lift reduces compressive strain of the Achilles tendon insertion in
healthy adults. Before clinical recommendations can be made, research
is needed in patients with Achilles tendinopathy.
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