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Abstract

Conservative (non-operative) treatment of Achilles tendon ruptures is a common alternative to
operative treatment. Following rupture, ankle immobilization in plantarflexion is thought to aid
healing by restoring tendon end-to-end apposition. However, early activity may improve limb
function, challenging the role of immobilization position on tendon healing, as it may affect
loading across the injury site. This study investigated the effects of ankle immobilization angle in a
rat model of Achilles tendon rupture. We hypothesized that manipulating the ankle from full
plantarflexion into a more dorsiflexed position during the immobilization period would result in
superior hindlimb function and tendon properties, but that prolonged casting in dorsiflexion would
result in inferior outcomes. After Achilles tendon transection, animals were randomized into eight
immobilization groups ranging from full plantarflexion (160°) to mid-point (90°) to full
dorsiflexion (20°), with or without angle manipulation. Tendon properties and ankle function were
influenced by ankle immobilization position and time. Tendon lengthening occurred after 1 week
at 20° compared to more plantarflexed angles, and was associated with loss of propulsion force.
Dorsiflexing the ankle during immobilization from 160° to 90° produced a stiffer, more aligned
tendon, but did not lead to functional changes compared to immobilization at 160°. Although more
dorsiflexed immaobilization can enhance tissue properties and function of healing Achilles tendon
following rupture, full dorsiflexion creates significant tendon elongation regardless of application
time. This study suggests that the use of moderate plantarflexion and earlier return to activity can
provide improved clinical outcomes.
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INTRODUCTION

Operative treatment of Achilles tendon ruptures has been increasing in the United States.
Surgical treatment has been thought to provide better outcomes compared to non-operative
treatment by achieving secure tendon end approximation and reduced rates of tendon re-
rupture.23 However, surgical repair is also associated with increased direct and indirect costs
of care,* and there are known risks of this surgical procedure, including deep infections,
scarring, and sural nerve sensory disturbances.® Additionally, the affected patient population
is increasing in average age and BMI, potentially placing them at higher risk of these and
other surgical complications.” Recent non-operative treatment protocols have demonstrated a
re-rupture risk similar to that of operative repair,1:8 but the essential healing environment
needed to restore tendon structure and function has yet to be defined.?

Historically, non-operative treatment of Achilles tendon ruptures consisted of flexion of the
knee, plantarflexion of the ankle, and no weight bearing on the injured limb.10 These
measures minimize load transmission to healing tissue and minimize gap formation between
ruptured tendon ends.11 Recently, the notion of a weight-bearing restriction has been
challenged by studies in which the use of weight-bearing casts in non-operative treatment of
Achilles rupture were shown to produce outcomes equivalent to those with non-weight-
bearing casts.1213 Early weight-bearing after Achilles injury has also been associated with
decreased ankle stiffness compared to non-weight bearing protocols,14 which could lead to
improvements in gait and function.

Early muscle activation and ankle range of motion (ROM) are also thought to improve non-
operative treatment by preventing ankle stiffness and aiding muscle recovery.13:14 Muscle
performance after completing treatment for an Achilles rupture, as measured by single-leg
heel rise, is correlated with positive patient-reported outcomes and activity levels.1®
Therefore, a successful non-operative healing strategy may ideally include active recovery
and motion while simultaneously preventing tendon gap formation and subsequent
lengthening. The clinical practice guidelines by the American Academy of Orthopaedic
Surgeons (AAOS) recommend that rehabilitation involve incremental increases in ankle
dorsiflexion (decreases in ankle plantarflexion, and hence decreases in immaobilization angle
measured between the lower leg and foot) alongside gradually increased weight bearing over
a 6 to 8 week period of immobilization.1® Minimal plantarflexion (less than 10° from
neutral) results in substantially decreased gastrocnemius-soleus contractile activity and
decreased tendon stress!’, both of which may hinder active recovery during later stages of
healing. However, despite these implications, the effects of ankle position on Achilles
tendon healing following acute rupture have yet to be systematically characterized.

Early rehabilitation strategies have been tested in our rat model of Achilles tendon rupture,
which also support the use of nonsurgical treatment and early return to activity.18-20 The
objective of this study was to use this well-described rat model8:21 to investigate the effects
of ankle flexion and immobilization duration, assessing ankle joint function and Achilles
tendon mechanical, structural, and histological properties six weeks post-injury. We
hypothesized that (1) while some dorsiflexion may improve early tendon healing properties,
excessive ankle dorsiflexion at the time of immobilization would result in inferior tendon
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properties and function compared to a fully plantarflexed immobilization, (2) manipulation
to increase ankle dorsiflexion position during a longer immobilization period would improve
recovery of tendon properties and ankle function, and (3) the effects of a specific
immobilization angle on tendon properties and function would depend on how long the
ankle was immobilized at that angle prior to active rehabilitation.

Development and Validation of Immobilization Technique and Splint Fabrication

Fresh-frozen cadaveric male Sprague-Dawley rats were thawed and used for evaluation of
casting. Using fluoroscopy, right ankles underwent evaluation of total ROM, and normal
resting position, as measured by the angle subtended by the mechanical axis of the tibia and
the midfoot. Three positions of immobilization (IM) were selected that span the full ROM of
the ankle joint: fully plantarflexed (160° tibiopedal angle), sitting position (20° tibiopedal
angle), and mid-point (90° tibiopedal angle) (Fig. 1A). Custom-designed 3-D printed
acrylonitrile butadiene styrene (ABS) splints were made for each corresponding ankle
position (MakerBot Industries, LLC; Brooklyn, NY). These splints were padded with Webril
(Hanna Pharmaceutical; Wilmington, DE), and secured to the skin with silk tape stirrups
(3M; St. Paul, MN), and Webril padded CoFlex (Andover Healthcare; Salisbury, MA) straps.
This construct was then overwrapped with an additional layer of Webril and CoFlex from the
knee to the toes before being coated with poly(methyl-methacrylate) (PMMA) (Patterson
Dental; St. Paul, MN) to resist chewing damage.18-20

Study Design

Approval for this study was obtained from the University of Pennsylvania Institutional
Animal Care and Use Committee. 128 male Sprague-Dawley rats at approximately 16 weeks
of age (400-450g; n=140; Charles River Laboratories; Malvern, PA) were divided into eight
groups (n=16/group). Animals were housed in a conventional facility with 12 hour light/dark
cycles and were fed standard chow and provided water ad libitum. Each treatment group
(n=16/group) began with 2 weeks of treadmill training (up to 60min at 10m/min on a flat
treadmill, 5 days per week). Animals were anesthetized (isoflurane) and underwent surgery
using sterile techniques, including blunt transection of the right Achilles tendon
midsubstance, resection of the central portion of the plantaris tendon to prevent internal
splinting, and skin closure with 4-0 Vicryl in a figure-of-eight fashion. Pain control
consisted of a single pre-operative dose of buprenorphine (0.05 mg/kg) followed post-
operatively by a single dose of buprenorphine sustained release, (1.0mg/kg). After surgery,
animals were immediately placed in casts set at one of three possible angles: fu//
plantarflexion (160° tibiopedal angle, n=48 including 32 from our previous study®), full
dorsiflexion in the anatomic sitting position (20° tibiopedal angle, n=32), or mid-point (90°
tibiopedal angle, n=48). Within each angle grouping, animals were additionally assigned to
either one week of immobilization (1W) or three weeks of immobilization (3W). Two
groups assigned to 3W underwent manipulation on the 11t day of their 3 week
immobilization period (160° to 90°, i.e. “160-90"; 90° to 20°, i.e. “90-20") to simulate
current clinical treatment of increasing dorsiflexion during a period of immobilization.1’
The study design is outlined in Figure 1B-D, with study groups arranged by hypothesis
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(note that some groups are used to test more than one hypothesis). Data to address each
hypothesis are grouped in 2 figures per hypothesis (Figures 2 and 3 to address hypothesis 1,
Figures 4 and 5 to address hypothesis 2, Figures 6 and 7 to address hypothesis 3).
Development of immobilization techniques on rat carcasses included validation of
immobilization angles with fluoroscopy (Fig. 1A). The 1W160 and 3W160 groups used in
this study were taken from our previously published work.19 Consistency and uniformity in
splinting techniques across the study was ensured through rigorous training procedures and
detailed documented protocols. Throughout the time of immobilization, limbs were
evaluated for swelling or irritation, and animals were inspected daily to confirm that casts
remained in place and that limb circulation was maintained. Casts were replaced at a
minimum of every seven days to inspect underlying skin with the animal under anesthesia
using an oscillating cast saw (HEBU Medical; Germany) for removal. After the assigned
period of immobilization, casts were removed and animals were permitted cage activity for
one week before a gradual progression back to 60 minutes of treadmill activity per day over
the following week (10, 20, 30, 45, and 60 minutes respectively over 5 days of re-training),
followed by 60 minutes of running at 20m/min on a flat treadmill, 5 days per week until the
time of sacrifice. All animals were euthanized at 6 weeks post-injury.

In vivo Functional Evaluation

Ankle Range of Motion and Stiffness: Passive ankle joint range of motion (ROM) and
stiffness were quantified using a custom torque cell and orientation device22 on anesthetized
animals (n=16/group) with LabView software (National Instruments; Austin, TX) pre-injury
(pre-op), 4 weeks (4W), and 6 weeks post-injury (6W, immediately prior to euthanasia). A
total of two trials, consisting of three plantarflexion/dorsiflexion cycles each, were measured
on each testing day. Functional ankle joint properties (toe and linear ankle stiffness; ankle
ROM) for both dorsiflexion and plantarflexion were evaluated using custom MATLAB
software in a blinded fashion (Mathworks; Natick, MA). The total ROM was calculated by
adding the average of the three maximum values for both dorsiflexion and plantarflexion.
The zero angle was defined identically to the convention in humans (90° tibiopedal angle). A
bilinear fit was applied to the torque-angle data to calculate both toe and linear regions of
joint stiffness for both dorsiflexion and plantarflexion, with the two movements
distinguished by the angle of zero torque.22 Data was normalized to the average pre-op value
for each group.

Quantitative Ambulatory Assessment: Ground reaction forces and spatiotemporal
patterns of the injured hindlimb were quantified using an instrumented walkway, consisting
of two 6 degrees-of-freedom load/torque cells and a dorsal view camera to provide non-
invasive in-vivo measures of limb function as previously described.23 Each animal was
acclimated to the walkway on four separate days prior to collecting formal measurements.
Data was collected prior to injury (pre-op), as well as 4 weeks (4W) and 6 weeks (6W,
immediately prior to euthanasia) post-injury. All data were analyzed in a blinded fashion
using custom MATLAB software to calculate the ground reaction forces (lateral, braking,
propulsion, vertical) and spatiotemporal (step width, stride length, velocity) parameters of
the injured limb. All animals were weighed at the time of each ambulatory assessment, and
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ground reaction forces were normalized to percent animal body-weight (%BW) at time of
measurement. Data were then normalized to the average pre-op value for each group.

Tendon Specimen Preparation
Six weeks post-injury (keeping time post-injury consistent, but with varying immobilization
time and subsequent return to activity time), animals were euthanized and tendons from all
groups were randomized and prepared by a single blinded dissector for high-frequency
ultrasound and mechanical testing (n=10/group). The Achilles tendon-foot complex was
carefully removed en bloc, and the tendon was fine dissected under a stereomicroscope
(Leica Microsystems, Inc.; Buffalo Grove, IL) to remove any remaining muscle, non-
tendinous connective tissue, and any residual plantaris tendon. Cross sectional areas of
tendons were then measured using a custom laser-based device.24:2% Groups taken from our
previous publication did not have residual plantaris tendon dissected.1® India ink (Chartpak,
Inc.; Leeds, MA) was used to place stain dots on the Achilles tendon for optical tracking
during mechanical testing. The calcaneus-foot complex was embedded in PMMA and the
free end of the tendon was sandwiched between two pieces of sandpaper using superglue
(Loctite; Westlake, OH) to create a tendon gauge length of 12mm. These samples underwent
high-frequency ultrasound followed by mechanical testing (described below).

High-Frequency Ultrasound (HFUS) and Evaluation

Using samples prepared as described above, tendons were placed in a custom fixture with
the tendon at 90° to the foot in a 1x phosphate-buffered saline bath. Tendons were loaded at
1N while a series of sagittal B-mode HFUS images were acquired at 0.5mm increments
using a 40MHz scanner (MS550D; VisualSonics, CA). Using MATLAB, the average gray
scale brightness in an image [range: 0—255] was evaluated for the tendon injury region of the
four centermost sagittal HFUS images for each tendon. This value was reported as mean
echogenicity. Regions that had shadowing due to calcification were not included in the
analysis. Custom MATLAB software was also used to analyze the fascicle/fiber organization
of the within the ex vivo images. A series of linear kernels were applied at various angles
(from 0-180° in 10° increments) to create a stack of images for each angle.2® The resulting
intensity vs. angle data was fit with a power-law function in order to determine phase angle
and magnitude at each grid point. The distribution of phase angles across all grid points was
quantified by the circular standard deviation (CSD) of these angles.28 Mean alignment
across four of the centermost sagittal HFUS images (spaced at 0.5mm) was evaluated for the
injury region using MATLAB.

Mechanical Testing

Fatigue testing of Achilles tendons (n=10/group) was performed as previous described.18
Briefly, foot-tendon complexes were mounted using custom aluminum fixtures to place the
foot and Achilles tendon perpendicular to each other in order to approximate physiologic
loading, maintaining a consistent gauge length for all specimens; all tested specimens
contained the injury site. The fixtures were attached to a testing frame (Electropuls E3000,
Instron; Norwood, MA) using a 250N load cell. Specimens remained submerged in a 37°C
1x PBS bath. The mechanical testing protocol consisted of: preloading (0.1N);
preconditioning (0.5-1.5% strain at 0.25 Hz for 30 cycles); stress relaxation (6% strain) for
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10min; a dynamic frequency sweep (0.125% strain amplitude, at 0.1, 1, 5, and 10Hz for 10
cycles each); a ramp at 2% strain/s to 35N (used to calculate quasistatic parameters); and
fatigue testing (5-35N at 2 Hz; which corresponds to 10-70% of ultimate failure load) using
a sinusoidal waveform until failure. During loading, force and displacement data were
acquired using the WaveMatrix (Instron; Norwood, MA) data acquisition software and
analyzed using custom MATLAB code. Images were acquired during testing to track optical
strain (20 microns/pixel) during the initial ramp to peak load (2 images/sec) using a Basler
al02F camera (Basler; Exton, PA) and Nikon AF Micro-NIKKOR 200mm lens positioned
outside of the PBS bath, perpendicular to the tendon to include within the capture frame the
potted calcaneus, the length of the tested tendon, and the tendon grip attached to the Instron
actuator. Evaluated metrics include Achilles tendon percent relaxation, dynamic modulus,
optical linear modulus, stiffness, hysteresis, laxity, secant and tangent stiffness, fatigue
modulus, trilinear fits through the triphasic strain-cycle response to fatigue loading, and
cycles to failure.18.2227-29 Fatigue parameters were calculated at 5, 50, and 95% of fatigue
life (defined by corresponding percentage of cycles to failures) to describe the three phases
of fatigue behavior. Only 50% fatigue life parameters are compared in figures and
manuscript text; 5 and 95% parameters are noted in Supplemental Tables. If samples
remained intact at the end of the ramp to 35N, they were able to continue into the fatigue
cycling portion of the test. If tendons did not withstand the initial ramp to begin fatigue
testing, fatigue parameters were not calculated, as we were unable to collect fatigue data for
these samples. All groups had n=8-10 that were able to undergo fatigue assessment.
Tendons from previously published groups (1W160 and 3W160) had a larger cross-sectional
area due to differences in dissection, and were therefore excluded from comparisons of area
dependent metrics (noted as “no data” in Supplemental Tables).

Achilles tendons were harvested at the time of animal sacrifice (n=6/group), and were
processed by standard paraffin procedures and previously described assessments,18-20.30
Cell density and nuclear shape on H&E stained images were independently graded using a
scale of one to three for cellularity (1, low; 2, moderate; 3, high) and one to four for nuclei
shape (1, spindle shaped; 2, mixed/spindle; 3, mixed/rounded; 4, rounded). Safranin O-
positive staining area, as a marker of glycosaminoglycan (GAG) content, was assessed with
ImageJ (NIH, v1.48) after images were cropped to remove the calcaneus and
fibrocartilaginous tendon insertion.3% Tendon length was assessed from full length images of
H&E-stained sections, and was defined as the distance from the calcaneal insertion of the
Achilles tendon, traveling proximally through the midsubstance of tendon material to the
most distal aspect of the dorsal myotendinous junction.1819 Measurements from at least two
sections per sample were averaged together for analysis of each parameter. Representative
images and a representative length measurement are shown in Figure S-1.

Statistical Analysis

Using our previous rat Achilles mechanical data3!, an a priori power analysis indicated that
for 80% power, 10 tendons were needed per group for mechanical assays. All data was
collected in a blinded fashion with the exception of functional assays which could not be
blinded; all data, however, was analyzed in a blinded fashion. Comparisons were made to
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compare the effects of increased dorsiflexion during immobilization for 1 week to the
standard plantarflexed position (1W160 vs. [IW90 or 1IW20], Fig. 1A), the effects of
manipulation of ankle angle during immobilization starting from 160 degrees (3W160 vs
3W160-90) or 90 degrees (3W90 vs 3W90-20) (Fig. 1B), and the effects of dorsiflexion
immobilization duration at 90 degrees (1W90 vs 3W90) or 20 degrees (1W20 vs 3W20)
(Fig. 1C). Data normality was evaluated with Shapiro-Wilk tests (SPSS, IBM SPSS, Inc.,
Version 20, Armon, NY). Normally distributed data were evaluated with one-way ANOVAS
or two-tailed Student’s t-tests (HFUS, mechanical properties, tendon length, Safranin O
quantification), with the exception of longitudinally-collected functional data which were
assessed using two-way ANOVAs. ANOVASs resulting in significant relationships (a < 0.05)
were analyzed with post-hoc two-tailed Student’s t-tests with Bonferroni corrections for
multiple comparisons. Non-normally distributed data sets (histological scoring metrics) were
evaluated with non-parametric Mann-Whitney U tests.

All numeric data are detailed in Supplemental Tables 1-4. Fatigue parameters measured at
50% of tendon fatigue life are presented in the data below.

Immobilization in Dorsiflexion Increases Tendon Length and Decreases Limb Function

Ankles immobilized in full plantarflexion for one week (1W160) displayed increased linear
stiffness into dorsiflexion compared to ankles immobilized in full dorsiflexion (1W20, Fig.
2A), but decreased linear stiffness into plantarflexion compared to ankles in mid-point
immobilization (1W90, Fig. 2B). Despite differences in passive ankle stiffness, there were
no effects of immobilization angle on joint ROM (Table S-1). Stride length (Fig. 2C) and
propulsion force (Fig. 2D) were increased for animals immobilized in full plantarflexion
(1wW160). Ultrasound analysis indicated increased matrix alignment (decreased collagen
angle deviation) in the 1W20 and 1W90 groups compared to 1W160 group (Fig. 3A). Mid-
point or full dorsiflexion immobilization also led to decreased laxity (Fig. 3B) compared to
plantarflexion immobilization. However, full dorsiflexion (1W20) increased tendon length
when compared to 1W90 and 1W160 (Fig. 3C).

Manipulation of Ankle Angle From Plantarflexion to a More Dorsiflexed Position Improves
Function And Tendon Fatigue Properties Six Weeks After Injury

Manipulating ankle angle from full plantarflexion to mid-point (160-90) over a period of
three weeks decreased dorsiflexion toe stiffness (Fig. 4A) and increased ankle ROM (Fig.
4B) when compared to ankles maintained at 160°. No gait parameters were affected after
160-90 manipulation. However, manipulating ankle angle from 90° to 20° over the same
time period had detrimental effects on ankle function, increasing toe region ankle stiffness
(Fig. 4A) and decreasing ROM (Fig. 4B) compared to ankles maintained at 90°. 90-20
manipulation yielded mixed results, decreasing braking force (Fig. 4C) but increasing the
rate of loading after injury (Table S-2). HFUS analysis revealed that 160—90 manipulation
increased collagen alignment (Fig. 5A) but decreased tendon echogenicity (Fig. 5B). 160-90
manipulation also increased Safranin O positive staining (Fig. 5C). It did not affect tendon
length (Fig. 5D). Additionally, this group showed increased tendon stiffness (Fig. 5E) and
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decreased hysteresis (Fig. 5F), but there were no differences in tendon laxity (Fig. 5G)
compared to those that remained at 160°. However, manipulation from full plantarflexion to
mid-point (160-90) decreased cycles to failure (Fig. 5H). Few differences in ex vivo tendon
properties existed between 3W90-20 manipulated animals and 3W90 animals, but
significant changes include increased tendon length (Fig. 5D), decreased stiffness (Fig. 5E),
and decreased hysteresis (Fig. 5F).

Earlier Return to Activity after Dorsiflexion Immobilization (90° or 20°) Improves Ankle
Function and Tendon Mechanical Properties Six Weeks After Injury

When comparing time of immobilization at 90°, ankles immobilized for three weeks had
increased toe region stiffness (Fig. 6 A, B) and decreased ROM (Fig. 6C) compared to those
immobilized for only one week. Additionally, 3W90 animals demonstrated diminished gait
quality compared to 1W90, with decreased rate of loading (Fig. 6D), decreased ground
reaction force (Fig. 6E), and decreased propulsion force (Fig. 6F) compared to 1W90. When
ankles were immobilized at 20°, three weeks of immobilization led to decreased toe region
stiffness at 6 weeks post-op (Fig. 6A, B) but a decreased total ROM at 4 weeks (Fig. 6C)
compared to the 1W20 group. 3W20 animals also demonstrated decreased ground reaction
forces and decreased stride length at 4 weeks compared to 1W20 (Fig 6E; Table S-2).
Animals immobilized at 90° for 3 weeks (3W90) demonstrated increased echogenicity (Fig.
7A) and decreased cycles to failure (Fig. 7B) compared to those immobilized for 1 week
(1W90). There were no differences in alignment or histological properties between groups
immobilized for 1 and 3 weeks at 90° (Table S-4). Immobilization at 20° for 3 weeks
(3W20) increased tendon cross sectional area (Fig. 7C), and decreased modulus (Fig. 7D),
secant stiffness (Fig. 7E), tangent stiffness (Fig. 7F), and fatigue modulus (Table S-3)
compared to 1W20. There were no differences in HFUS or histological properties with
increased time in the 20° splint (Table S-4).

DISCUSSION

Although recent clinical and basic science studies support the use of non-operative treatment
and early active rehabilitation for Achilles tendon ruptures,313.18.19 the role of
immobilization angle on tissue level healing has not been investigated. We used a rat model
of non-operative repair of Achilles tendon rupture to evaluate the effects of both
immobilization angle and immobilization time on the functional, mechanical, structural, and
histological properties of Achilles tendons six weeks post injury.

Overall, Achilles tendon healing was influenced by the angle of ankle immaobilization.
Importantly, and as hypothesized, significantly increased Achilles tendon elongation was
only seen if the ankle was immobilized at maximal dorsiflexion (20°) for 1 or 3 weeks.
Clinical data suggest that Achilles tendon lengthening can be correlated with poor clinical
outcomes and enduring changes in ankle dorsiflexion.1132 In our model, even short
immobilization (1 week) at 20° led to a significantly longer tendon than did immobilization
in full plantarflexion (160°), and this corresponded with diminished propulsion force off the
injured limb during ambulation post-injury. This finding suggests that dorsiflexed
immobilization, or delayed treatment, may be associated with reduced push-off strength in
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end-range plantarflexion, mirroring an outcome seen clinically in humans.33 Although no
statistical comparisons were made to uninjured tendon length, tendons immaobilized in full
plantarflexion remained closest in length to uninjured controls (Fig. S-1), as expected.
However, tendons immobilized in more dorsiflexed positions (90° and 20°) had increased
collagen organization, possibly due to increased tendon tension during the immobilization
period. Indeed, previous work has shown that mechanical loading on tendons can induce
tendon cell activation, the production of growth factors, tensional homeostasis, remodeling,
and nuclear strain transfer.34-36

As hypothesized, both tendon structure and fatigue properties were significantly improved
after manipulation from 160° to 90°, including increased matrix alignment and tendon
stiffness, and decreased hysteresis. Additionally, ankle manipulation from 160° to 90° did
not result in increased tendon length, and had positive effects on passive ankle motion when
compared to those that remained in a fully plantarflexed position for three weeks. Loss of
homeostatic tension (stress deprivation) has been shown to have detrimental effects on
tendon development, homeostasis, and healing.37-39 As discussed above, immobilizing the
ankle in a more dorsiflexed position may apply a static load to the ruptured tendon, thereby
improving collagen production and matrix alignment and increasing fatigue resilience.
However, these manipulated tendons (3W160-90) also showed decreased echogenicity and
increased proteoglycan content as measured with Safranin O staining. Changes in
echogenicity may be due to collagen fibers moving out of the plane of the ultrasound, or the
differences in the loading environments between ex vivo ultrasound and mechanical testing.
Ultrasound-based studies have demonstrated the complexity of measuring echogenicity in
the Achilles tendon due to the spiraling, non-linear fibers and twisting anatomy.#0: 41 Lower
echogenicity could also be related to increased proteoglycan content, as tendon rupture can
increase the presence of proteoglycan-rich inclusions.#2 Ankle manipulation may further
increase proteoglycan expression, possibly as an adaptation to increase tissue hydration to
facilitate nutrient and metabolite diffusion.42-44

Early re-rupture during non-operative Achilles rehab has been attributed to “an adequate
trauma,”#® which may parallel the conditions of our 3W90-20 group. Similar to 20°
immobilization (1W20), manipulation of the ankle from 90° to 20° resulted in a significantly
longer Achilles tendon than maintaining the ankle at 90°. This elongation occurred despite
early healing in a more plantarflexed position (90°, a position in which tendons did not
significantly elongate), suggesting that the scar tissue remains ductile at this point. Although
the tendons were longer at 6 weeks post-injury in 3W90-20 animals, this group also
demonstrated increased ankle stiffness in dorsiflexion and decreased total range of motion.
Additionally, braking force for 3W90-20 animals was decreased compared to 3W90 animals
at both post-operative time points which, together with passive mobility metrics, may be due
to reduced ankle mobility. Together with diminished fatigue properties, this data does not
support the manipulation of the ankle from a mid-point angle into full dorsiflexion during
immobilization. We speculate that although this angle change in the context of
remobilization (such as for 1W90 animals after cast removal) may initiate advantageous
matrix production and remodeling due to tendon loading, an abrupt angle change followed
by continued immobilization may damage newly formed scar tissue or impede early healing
processes.
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Previous work supports reduced immobilization time when immobilized in full
plantarflexion.18-20 Assessing the variable of time in the context of a more dorsiflexed
position extends this finding to other immobilization angles. Increases in passive motion toe
stiffness in the 1W20 group compared to 3W20 did not correlate with a decreased range of
motion, and 1W20 animals had increased ground reaction force at 4 weeks compared to the
3W20 group. Many functional properties were also improved for 1W90 compared to 3W90.
Fatigue testing also supports the concept that early activity leads to better recovery. 3W90
tendons survived 70% fewer fatigue cycles before failure than 1W90 tendons. Similar to
unexpected echogenicity differences in manipulated tendons, the increase in echogenicity in
3W90 compared to 1W90 may correspond with a change in tissue matrix density or protein
content.%8 Further analysis of this healing tissue would aim to elucidate the contribution of
collagen fibril formation, other extracellular matrix proteins, and matrix remodeling to
healing tendon material properties. No histological properties measured in this study
demonstrated differences between these groups.

This study is not without limitations. Despite steps to maximize clinical relevance through
the use of immobilization and rehabilitation protocols that were designed to mimic
rehabilitation in humans, some elements of the study may not reflect a human environment.
Most notably, the “resting angle” of a sitting rat is more dorsiflexed than in a human.
Disparities in this loading environment likely exist between species including compressive
forces of the calcaneus on healing tissue?” and differential loading/unloading on both tendon
and muscle. Furthermore, the open tendon transection does not fully mimic an injury being
treated non-operatively. In addition, use of data from previously published work in
conjunction with data collected for the additional groups defined in this manuscript could
introduce data variation between groups. However, the consistent use of carefully developed
and documented protocols across all procedures, as well as the presence of several
coinciding authors across all experimental groups ensured consistency in data collection and
interpretation. It should also be noted that this study did not include uninjured control data
except in the context of tendon lengthening. The objective of this study was to determine
best practices for tendon recovery after injury. For functional properties, our pre-operative
values serve as uninjured controls to which post-operative values recover back towards over
time. However, it is known that mechanical properties of injured tendons do not recover
back to uninjured values, and in this case makes comparison between injured and uninjured
less meaningful, justifying the study design presented.® Finally, the data for injured tendons
were obtained at a relatively early phase of healing, and at only one post-operative time
point for ex vivo metrics, and it is likely that the functional and mechanical properties will
continue to evolve over time.19 Because immobilization and return to activity/exercise
allotments within the six week study time course varied, it is difficult to truly separate the
effects of immobilization time versus the effects of return to activity time. Further work is
needed to evaluate the interaction of tendon biology with altered mechanical environments,
which could improve the treatment of injuries including that of the Achilles tendon.

In conclusion, this study begins to uncover the effects of immobilization angle on early
tendon healing to better understand evolving non-operative treatments for acute Achilles
tendon injuries. We evaluated the role of immobilization angle and length of time on
functional, ultrasound-based, mechanical, and histological measures following acute
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Achilles tendon rupture. This study provides evidence that positions of increased
dorsiflexion can aid in passive and active functional properties, and can improve tendon
structural, mechanical, and material properties during early fatigue loading. However, these
effects should be evaluated in the context of the risk of significant tendon lengthening and
weakening seen with excessive dorsiflexion. Future studies could evaluate whether these
changes are due to the static position of the ankle or increased muscle activation and
locomotion given the functional position of immobilization. Additionally, assessing
additional dorsiflexion angles between 90° and 20° would be informative for determining
the most ideal position.
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Figure 1. Study Design.
(A)Ankle immobilization angle was confirmed with fluoroscopy. Following exercise training

(T), animals had their central right plantaris removed and right Achilles tendon bluntly
transected. After surgery, animals were immediately placed in one of three casts: full
plantarflexion (160° tibiopedal angle, IM160), mid-point (90° tibiopedal angle, IM90), and
anatomic sitting position (20° tibiopedal angle, IM20). Within each angle, animals were
assigned to either one week of immobilization (1W) or three weeks of immobilization (3W).
Two groups assigned to 3W underwent manipulation on the 11th day of their 3 week
immobilization period (160° to 90°, IM160-90; 90° to 20°, 90-20). After cast removal,
animals were allowed cage activity (CA) for one week, followed by one week of treadmill
training (T), followed by treadmill running (exercise, Ex) daily until sacrifice. All animals
were sacrificed six weeks post-injury (n=16/group). Comparisons were made to compare (B)
the effects of increased dorsiflexion during immobilization for 1 week to the standard
plantarflexed position (1W160 vs. [IW90 or 1W20]), data shown in Figures 2 and 3; (C) the
effects of manipulation of ankle angle during immobilization starting from 160 degrees
(3W160 vs 3W160-90) or 90 degrees (3W90 vs 3W90-20), data shown in Figures 4 and 5;
and (D) the effects of dorsiflexion immobilization duration at 90 degrees (1W90 vs 3W90)
or 20 degrees (1W20 vs 3W20), data shown in Figures 6 and 7.
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Figure 2. Immobilization in Dorsiflexion Decreases Joint Function.
Torque-angle data from passive ankle testing was fit with a bilinear curve to calculate joint

stiffness in the toe and linear regions. Differences in ankle function after immobilization for
one week at 90° and 20° compared to 160° include (A) decreased post-operative linear
region stiffness in dorsiflexion after dorsiflexed (1W20) immaobilization and (B) decreased
linear region stiffness in plantarflexion after plantarflexed (1W160) immobilization.
Quantitative ambulatory assessment also identified increases in (C) stride length 6 weeks
after surgery, and in (D) propulsion force 4 weeks after surgery in animals placed in
plantarflexed (1W160) immobilization. 1W160, one week of immaobilization at 160°, red;
1W90, one week of immobilization at 90°, orange; 1W20, one week of immobilization at
20°, yellow. All values were normalized to measurements taken one day prior to surgery
(pre-op). Data is represented as mean+SD. *p<0.025 for 1W160 and 1W20; # p<0.025 for
1W160 and 1W90.
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Figure 3. Immobilization in Dorsiflexion Increases Tendon Length.
High frequency ultrasound identified (A) decreased circular standard deviation indicating

increased collagen alignment after more dorsiflexed immobilization for one week (1W90
and 1W20). Fatigue parameters were also improved for these groups including (B) laxity.
Tendons immobilized in dorsiflexion (1W20) were (C) significantly longer than those
immobilized in full plantarflexion (1W160). Dotted line in C shows average uninjured
tendon length (8.9 mm). 1W160, one week of immaobilization at 160°, red; 1W90, one week
of immobilization at 90°, orange; 1W20, one week of immobilization at 20°, yellow. Data is
represented as mean+SD. Significance (p<0.025) is indicated with solid black lines.

J Orthop Res. Author manuscript; available in PMC 2020 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hillin et al.

o

O

Page 17

L L L L,\ - 3W160
A X -= 3W160-90
7
- 3W90

2 3 160° 90° « -= 3W3S0-20

o Q *

£ g *

B 2

8

CE 1

£2

D c L] L] L L L] L

pre-op week 4 week 6 pre-op week 4 week 6

1.5- 160° 90°
Q
E ?
Q
2o .
= 21.04 *
L S *
o E
o
=z
0.5 L L] ] L] T T
pre-op week 4 week 6 pre-op week 4 week 6
2.0- 160° 90° *
o 2
o9
o & 1.5
Ww o
g’ﬁ 1.0 Lg::——f—;
x
s E o
o -
o>
pre-op week 4 week 6 pre-op week 4 week 6

Figure 4. Manipulation of Ankle Angle From Plantarflexion to a More Dorsiflexed Position
Improves Function Six Weeks After Injury.

Torque-angle data from passive ankle testing was fit with a bilinear curve to calculate joint
stiffness in the toe and linear regions. Manipulating ankle angle through dorsiflexion during
three weeks of immobilization (A, left) led to decreased toe region stiffness 6 weeks post-
injury when the starting angle was 160°, but (A, right) increased toe region stiffness when
the starting angle was 90°. Likewise, manipulating the ankle angle (B, left) resulted in
increased total range of motion (ROM) when the starting angle was 160° but (B, right)
decreased total range of motion when the starting angle was 90°. Quantitative ambulatory
assessment (C, right light blue) also identified increases in braking force when ankles were
immobilized at 90° for three weeks. 3W160, three weeks of immobilization at 160°, light
green; 3W160-90, three weeks of immobilization starting at 160° and moving to 90° at 11
days post-injury, dark green; 3W90, three weeks of immobilization at 90°, light blue;
3W90-20, three weeks of immaobilization starting at 90° and moving to 20° at 11 days post-
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injury, dark blue. All values were normalized to measurements taken one day prior to
surgery (pre-op). Data is represented as mean+SD. *p<0.05.
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Figure 5. Manipulation of Ankle Angle From Plantarflexion to a More Dorsiflexed Position
Improves Tendon Fatigue Properties Six Weeks After Injury.

High frequency ultrasound identified (A) decreased circular standard deviation indicating
increased collagen alignment and (B) decreased echogenicity when immobilization
consisted of manipulation of ankle angle from 160° to 90° over three weeks. This
manipulation also (C) increased proteoglycan content as measured by positive Safranin O
staining. Manipulation from 90° to 20° (D) significantly increased tendon length compared
to constant mid-point immobilization. Manipulation (E) had angle-dependent effects on
secant stiffness and (F) decreased hysteresis during cyclic fatigue testing but (G) did not
impact tendon laxity. Manipulating ankle angle from 160° to 90° over three weeks (3W160-
90) (H) decreased tendon cycles to failure compared to consistent immobilization at 160°
(3W160). Dotted line in D shows average uninjured tendon length (8.9 mm). 3W160, three
weeks of immobilization at 160°, light green; 3W160-90, three weeks of immobilization
starting at 160° and moving to 90° at 11 days post-injury, dark green; 3W90, three weeks of
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immobilization at 90°, light blue; 3W90-20, three weeks of immobilization starting at 90°
and moving to 20° at 11 days post-injury, dark blue. Data is represented as mean+SD.
Significance (p<0.05) is indicated with solid black lines.
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Figure 6. Earlier Return to Activity after Dorsiflexion Immobilization (90° or 20°) Improves
Ankle Function Six Weeks After Injury.

Torque-angle data from passive ankle testing was fit with a bilinear curve to calculate joint
stiffness in the toe and linear regions. Dorsiflexion toe stiffness (A, left) was increased in
tendons immobilized for three weeks at 90° (3W90) compared to only one week (1W90),
but (A, right) was decreased in tendons immaobilized for three weeks at 20° (3W20)
compared to only one week (1W20). Similarly, plantarflexion toe stiffness (B, left) was
increased in tendons immaobilized for three weeks at 90° (3W90) compared to only one week
(1W90), but (B, right) was decreased for in tendons immobilized for three weeks at 20°
(3W20) compared to only one week (1W20). Animals immobilized for only one week (C)
had increased total ROM 4 weeks post-injury compared to three week immobilization,
regardless of immobilization angle. Quantitative ambulatory assessment identified negative
effects of longer immobilization time, including (D) decreased rate of loading after three
weeks at mid-point immobilization (3W90), (E) decreased ground reaction forces in both
3W groups compared to 1W, and (F) decreased propulsion force after three weeks at mid-
point immobilization (3W90). 1W90, one week of immobilization at 90°, orange; 3W90,
three weeks of immobilization at 90°, light blue; 1W20, one week of immobilization at 20°,
yellow; 3W20, three weeks of immobilization at 20°, purple. All values are normalized to
measurements taken one day prior to surgery (pre-op). Data is represented as mean+SD.
*p<0.05.
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Figure 7. Earlier Return to Activity after Dorsiflexion Immobilization (90° or 20°) Improves
Tendon Mechanical Properties Six Weeks After Injury.

High frequency ultrasound identified (A) increased echogenicity after three weeks of
immobilization at 90° (3W90) compared to only one week at 90° (1W90). However, (B)

compared to only one week of immobilization (1W90). Three weeks of immobilization at
20° (3W20) had detrimental effects including (C) increased tendon cross-sectional area, (D)
decreased modulus measured during the ramp to 35N, and (E) decreased secant stiffness and
(F) tangent stiffness measured during cyclic fatigue testing. 1W90, one week of
immobilization at 90°, orange; 3W90, three weeks of immobilization at 90°, light blue;
1W20, one week of immobilization at 20°, yellow; 3W20, three weeks of immobilization at
20°, purple. Data is represented as mean+SD. Significance (p<0.05) is indicated with solid

black lines.
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