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Abstract

The Achilles tendon is frequently injured. Data to support specific treatment strategies for
complete and partial tears is inconclusive. Regardless of treatment, patients risk re-rupture and
typically have long-term functional deficits. We previously showed that pulsed electromagnetic
field (PEMF) therapy improved tendon-to-bone healing in a rat rotator cuff model. This study
investigated the effects of PEMF on rat ankle function and Achilles tendon properties after (i)
complete Achilles tendon tear and repair with immobilization, (ii) partial Achilles tendon tear
without repair and with immobilization, and (iii) partial Achilles tendon tear without repair and
without immobilization. We hypothesized that PEMF would improve tendon properties, increase
collagen organization, and improve joint function, regardless of injury type. After surgical injury,
animals were assigned to a treatment group: (a) no treatment control, (b) one hour of PEMF per
day, or (c) three hours of PEMF per day. Animals were euthanized at 1, 3, and 6 weeks post-injury.
Joint mechanics and gait analysis were assessed over time, and fatigue testing and histology were
performed at each time point. Results indicate no clear differences in Achilles healing with PEMF
treatment. Some decreases in tendon mechanical properties and ankle function suggest PEMF may
be detrimental after complete tear. Some early improvements were seen with PEMF after partial
tear with immobilization; however, immobilization was found to be a confounding factor. This
body of work emphasizes the distinct effects of PEMF on tendon-to-bone healing and supports
trialing potential treatment strategies pre-clinically across tendons before applying them clinically.
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INTRODUCTION

The Achilles tendon, while the strongest and largest tendon in the body, is frequently
injured, with injury severity ranging from tendinopathic microtrauma to full-width, full-
thickness ruptures.! Due to its role connecting the soleus and gastrocnemius muscles to the
calcaneus, the Achilles tendon is critical for ankle and knee flexion as well as foot
stabilization.2 Due to these important roles, Achilles tendon injury can cause significant
disability, severely impacting daily activities and quality of life. Conclusive evidence to
support a specific treatment paradigm for Achilles tendon tears is lacking.® For full-
thickness tears, controversy exists regarding surgical versus non-surgical repair, as well as
regarding weight-bearing versus non-weight-bearing rehabilitation strategies and
rehabilitation timing post-injury.*® Regardless of treatment strategy, patients risk re-rupture
and typically have long-term deficits in function, with the rate of return to pre-injury level of
activity reported to be as low as 16% after complete rupture.*> Treatment of partial-width
Achilles tears is typically initially conservative and includes immobilization and rest, though
this can be followed by surgical repair if conservative treatment fails.® However, recent
studies suggest that earlier active loading may be beneficial to healing, initiating collagen
synthesis and organization.”

To improve Achilles tendon healing outcomes, various non-invasive therapeutics have been
investigated, including ultrasound and laser therapy.8° One study suggests that pulsed
electromagnetic field (PEMF) therapy improved tendon tensile strength after Achilles
tendon rupture and repair in a rat model.10 Further, we have previously shown that pulsed
electromagnetic field (PEMF) therapy improves tendon-to-bone healing in a rat rotator cuff
model over a range of electromagnetic pulse frequencies and treatment durations.1! This
treatment strategy is utilized as a non-invasive, adjunctive therapeutic applied after standard-
of-care surgical repair. Specifically, PEMF improved tendon modulus and stiffness and
increased collagen protein expression and organization, regardless of tested frequency and
duration of application.1! However, the effects of a PEMF signal (PhysioStim®, Orthofix
Inc., Lewisville, TX; FDA approved for nonunion bone fracture) on ankle joint function and
tendon fatigue properties after Achilles tendon injury have not yet been evaluated. We have
adapted, utilized, and characterized the effects of three rat models of Achilles tendon injury:
complete, full-thickness tear with surgical repair and post-operative immobilization; partial-
width, full-thickness tear without repair and with post-operative immobilization; and partial-
width, full-thickness tear without repair and without post-operative immobilization.12 These
models reflect two different injury severities and two different rehabilitation strategies for
partial Achilles tears and have distinct effects on tendon healing, which we have previously
characterized.12 The objective of this study was to utilize these animal models to determine
the effects of PEMF on Achilles tendon properties and ankle joint function after injury. We
hypothesized that both 1 and 3 hours of daily PEMF exposure would improve tendon fatigue
properties and in vivo joint function as well as increase collagen fiber organization,
regardless of injury severity or immobilization.
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METHODS

Study Design & Surgical Procedures

These studies were approved by the University of Pennsylvania Institutional Animal Care
and Use Committee (#806038). Adult male Sprague-Dawley rats (400-450 g, approximately
4-5 months; n=432) were used; this age corresponds with slow to no skeletal growth, most
closely correlated with a young adult human age range. The animals were housed in a
conventional facility with 12-hour light-dark cycles and were fed standard rat chow ad
libitum. Animals were divided into 3 injury groups: the first group (n=144; complete tear +
immobilization, CT+IM) underwent unilateral full-thickness, blunt transection and modified
Kessler repair of the right Achilles tendon followed by one week of limb immobilization.13
Immobilization was performed with the foot in full plantarflexion (160° tibiopedal angle).
The second group (n=144; partial tear + immobilization, PT+IM) underwent unilateral full-
thickness, partial-width transection of the right Achilles tendon (1.5 mm biopsy punch in
central tendon which removes ~60% of tendon width) without repair followed by one week
of limb immobilization.12 The third group (n=144; partial tear only, PT) underwent
unilateral full-thickness, partial-width transection of the right Achilles tendon without repair
and were allowed normal cage activity immediately post-injury. All injuries included
resection of the central portion of the plantaris tendon to prevent internal splinting. All
animals received a standard three day regimen of buprenorphine. Within each injury group,
animals were further randomized into three treatment groups (n=48/treatment group/injury
type). The first treatment group did not receive PEMF therapy (non-PEMF). The other
treatment groups received either 1 hour of PEMF therapy (1h PEMF) or 3 hours of PEMF
therapy (3h PEMF) every day, starting the day after surgery and continuing until the time of
euthanasia. Animals were sacrificed at post-operative week 1, 3, or 6 (n=16/time point/
treatment group/injury type). Time points were selected to represent timing of early,
intermediate, and late rehabilitation, as both temporal improvements and structural changes
occur throughout this time period after a complete tear and repair.14

PEMF Exposure

With the exclusion of non-PEMF and uninjured controls, animals received daily PEMF
exposure until the time of sacrifice using the commercial PEMF signal PhysioStim®
(Orthofix Inc., Lewisville, TX). The maximum amplitude and fundamental frequency of the
PhysioStim PEMF signal are 1.19 mT and 3.85 kHz, respectively. The PhysioStim signal
was chosen partly because it has received FDA approval for treatment of long-bone fracture
nonunions.1516 Three hours is the standard protocol for long-bone fracture nonunion
applications!®, and tendon-to-bone healing was improved in the rat rotator cuff model with
both 1 and 3 hours of Physio-Stim.11 As detailed in a previous studyl?, 24 hours after
surgery, the animals were placed on custom-built PEMF racks (Orthofix) with an
electromagnetic coil for each module, sized to hold a standard rat cage, which was exposed
with a uniform electromagnetic field across the volume of the cage.

In vivo Functional Evaluation

Animals in 6 week groups (n=16/treatment group/injury type) underwent longitudinal in
vivo ambulatory and passive ankle joint mechanics assessments.3 Quantitative Ambulatory
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Assessment: Patterns of hindlimb ambulation were quantified using an instrumented
walkway, consisting of two load/torque cells and a ventral view camera to provide non-
invasive measures of limb function as described.1920 Each animal was acclimated to the
walkway prior to collecting formal measurements. Data were analyzed to calculate ground
reaction forces (lateral, braking, propulsion, vertical) and spatiotemporal parameters (step
width, stride length, velocity) of the injured limb. Data was collected pre-op for all groups,
at 3 and 6 weeks after injury for CT+IM and PT+IM groups, and at 2, 4, and 6 weeks after
injury for PT group. Animals were weighed at the time of each assessment, and ground
reaction forces were normalized as percent animal body-weight at that time. Data were then
normalized to average pre-op values for each group, which represented the uninjured control
value for each metric. Ankle Range of Motion and Stiffness: Passive ankle joint range of
motion (ROM) and stiffness through plantarflexion and dorsiflexion were quantified using a
custom torque cell and orientation device!® on anesthetized animals with LabView software
(National Instrument; Austin, TX). 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) were evaluated in a blinded fashion
using customized MATLAB software.1318 Data were collected at 2, 3, and 6 weeks after
injury for CT+IM and PT+IM groups, and at 2, 4, and 6 weeks after injury for PT group.
Pre-operative data was not collected due to an uninjured joint range of motion that was
beyond the range of our device.

Mechanical Testing & pCT

Animals assigned to mechanical testing (n=10/time point/treatment group/injury type) were
frozen at —20°C at the time of euthanasia and then thawed for dissection. The Achilles
tendon-foot complex was removed en bloc and the tendon was fine-dissected under a
stereomicroscope to remove any remaining muscle, non-tendinous connective tissue, and
any residual plantaris tendon prior to tendon cross-sectional area measurement using a
custom laser device.2! Mechanical testing was performed as described!3:22 using load-
controlled fatigue testing on an Electropuls E3000 testing frame (Instron; Norwood, MA).
Specimens were loaded such that the foot and Achilles tendon were perpendicular to each
other in order to approximate the physiological loading position, and a consistent gauge
length was maintained for all specimens which contained the injury site regardless of injury
type. Specimens remained submerged in a 37°C 1x phosphate-buffered saline bath
throughout testing. Testing included preloading (0.1N), preconditioning (0.5-1.5% strain at
0.25 Hz for 30 cycles), stress relaxation (6% strain), dynamic frequency sweeps (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 cycling (5—-35N at 2 Hz; which
corresponds to 10-70% of ultimate failure load) 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.13:14.22.23 |mages were
acquired during testing to track strain optically. 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.23 If tendons could not reliably withstand the
initial ramp to begin fatigue testing, fatigue parameters were not calculated. Therefore,
fatigue parameters are only reported at 6 weeks for CT+IM and PT+IM models, and at 3 and
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6 weeks for the PT model. Post-test, tendons were scanned using uCT (Scanco Medical uCT
35; Wayne, PA) at 55 kVp with a 21um resolution to assess for presence of heterotopic
ossification (HO) at the repair site.

Achilles tendons were harvested at the time of euthanasia (n=6/time point/treatment group/
injury type), processed with paraffin, sagitally sectioned through the middle of the injury at
7 um, stained with hematoxylin & eosin, and analyzed as described314.17.24 including
semi-quantitative, blinded grading for cell density and cell nuclear shape as a proxy for
overall cell shape, and quantitative polarized light microscopy for collagen alignment within
the injury region (n=2-3 ROIs at 200x magnification) per sample which were individually
assessed and then averaged).2> Collagen alignment was not able to be measured at one week
post-injury for the complete tear model due to lack of organized collagen in granulation
tissue.

Statistical comparisons were made only within each injury type, comparing each of the
PEMF treated groups (1 hour PEMF, 3 hour PEMF) to the non-PEMF control group at each
time point, based on our hypothesis. Statistical tests were run using GraphPad Prism 5
(GraphPad Software; San Diego, CA). Comparisons for functional assessments were
assessed for each injury type longitudinally with two-way ANOVAs. Mechanics, collagen
fiber organization, and UCT metrics were assessed using one way ANOVAs. ANOVAS
resulting in significant relationships (o < 0.05) were further analyzed with post-hoc two-
tailed Student’s t-tests with Bonferroni corrections for our planned comparisons (p<0.025).
Semi-quantitative histological comparisons were made using non-parametric Kruskal-Wallis
tests at each time point.

Complete Tear Model With Immabilization

After complete Achilles tear and repair, PEMF treatment altered animal gait patterns. This
includes increased operative limb loading rate (Fig 1A) and decreased stance time (total time
foot is in contact with floor per gait cycle, Fig 1B) at 3 and 6 weeks post-injury. These
changes corresponded with increased walking speed in the 3 hour PEMF group at both time
points and in the 1 hour PEMF group at 6 weeks (Fig 1C,D). Operative limb stride length
was decreased in the 1 hour PEMF group at 3 weeks and increased in the 3 hour PEMF
group at 6 weeks (Fig 1E). No changes were seen in stride length for the contralateral limb
compared to controls (Fig 1F). Passive ankle joint motion testing demonstrated that total
joint range of motion was increased for 1 hour PEMF at all post-injury time points compared
to control (Fig 2A). This group also had increased joint stiffness in plantarflexion at 2 and 3
weeks post-injury compared to control (Fig 2B), but decreased stiffness in dorsiflexion at 2
weeks (Fig 2C).

Tendon mechanical properties were also altered with PEMF treatment after complete tear
and repair with immobilization. At 1 week, cross sectional area was larger for the 3 hour
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PEMF group (Fig 3A). Stiffness was decreased at 1 and 3 weeks for 1 hour PEMF, and at 3
weeks for 3 hour PEMF (Fig 3B). Tissue modulus was decreased at 1 week for both
treatment groups compared to controls (Fig 3C). Six weeks post-injury, tans, a measure of
force dissipation, was improved (decreased) for the 3 hour PEMF group across tested
frequencies (Fig 3D). However, dynamic modulus was decreased for both PEMF groups at 3
weeks for a range of tested frequencies (Fig 3E). Fatigue testing of tendons 6 weeks post-
injury showed no differences in cycles to failure, initial peak strain, secant stiffness, tangent
stiffness, or fatigue modulus (data not shown). However, hysteresis was increased for the 1
hour PEMF group across all phases of fatigue and for the 3 hour PEMF group at 50%
fatigue life (Fig 3F). Due to tendon fragility at 1 and 3 weeks post-injury, many samples
failed prior to load-controlled cyclic fatigue testing; at 1 week, loading data demonstrated
that tendons in the 1 hour PEMF group failed at significantly lower loads than controls (Fig
3G). Note that at 1 week post-op, only quasistatic parameters were measured. At 3 weeks,
only quasistatic and viscoelastic parameters were reported due to the majority of samples
failing during the initial ramp to 35N (first cycle of fatigue testing).

Representative images of the injury site 1 week post-injury for each group are shown in
Figure 4A. At this time point, semi-quantitative grading indicated increases in cellularity for
the 1 hour PEMF group (Fig 4B), and a more rounded cell shape in both PEMF groups
compared to controls (Fig 4C). No differences were seen in collagen alignment (Fig 4D).
UCT imaging showed no differences between groups with regards to volume or mineral
density of heterotopic ossification at any time point (Fig 4E,F).

Partial Tear Model With Immobilization

Effects of PEMF on gait metrics after a partial Achilles tear followed by one week of
immobilization were few. Similar to the complete tear model, the 1 hour of PEMF group
showed increased loading rate and decreased stance time 3 weeks post-injury (Fig 5A,B);
while speed of the operative limb was not significantly altered (Fig 5C), changes in loading
rate and stance time did correspond with increased speed of the non-operative limb (Fig 5D).
There were no differences in stride length between treatment and control groups (Fig 5E,F).
After 2 weeks, the 3 hours of PEMF group demonstrated decreased joint range of motion
compared to controls, and at 6 weeks, this metric was decreased for both PEMF groups (Fig
6A). However, there were no significant differences in joint stiffness in either plantarflexion
or dorsiflexion (Fig 6B,C).

There were no differences in tendon cross sectional area with treatment (Fig 7A). At 1 week
post-injury, tendons in the 3 hours of PEMF group exhibited increased stiffness (Fig 7B) and
modulus (Fig 7C) compared to the non-PEMF tendons. At 3 weeks post-injury, 1 hour of
PEMF group also demonstrated increased modulus (Fig 7C). There were no differences in
viscoelastic properties tested with frequency sweeps; likewise, fatigue testing of tendons
showed no differences in initial peak strain, hysteresis, or fatigue modulus (data not shown).
Cycles to failure increased for 3 hours of PEMF tendons at 1 week and 1 hour of PEMF
tendons at 3 weeks (Fig 7D). Secant stiffness (not shown) and tangent stiffness (Fig 7E)
were also increased at 1 week for the 3 hours of PEMF group throughout fatigue cycling.
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Representative images of the injury site 3 weeks post-injury for each group are shown in
Figure 8A. At this time point, semi-quantitative grading indicated decreased cellularity for
the 1 hour PEMF group (Fig 8B), but there were no changes in cell shape (Fig 8C) or
collagen alignment (Fig 8D). uCT imaging showed no differences between groups in
measured properties of heterotopic ossification at any time point (Fig 8E,F).

Partial Tear Model Without Immobilization

There were limited effects of PEMF after a partial Achilles tear without post-injury
immobilization. No differences were seen in loading rate or stance time during gait analysis
(Fig 9A,B). Animals receiving three hours of PEMF moved their operative limb more
quickly than control animals at 2 and 4 weeks post-injury (Fig 9C) but this was not seen on
the non-operative side (Fig 9D). There were no differences in stride length (Fig 9E,F).
Similarly, no differences were identified in any passive ankle joint metric (Fig 10) or
mechanical property (Fig 11).

Representative images of the injury site 3 weeks post-injury for each group are shown in
Figure 12A. At this time point, semi-quantitative grading indicated decreased cellularity for
the 3 hour PEMF group (Fig 12B), but no changes in cell shape (Fig 12C). Collagen
alignment was also improved (decreased) for the 3 hour PEMF group at 6 weeks post-injury
(Fig 12D). uCT imaging showed no differences between groups in heterotopic ossification
volume or mineral density (Fig 12E,F).

DISCUSSION

Although our recent pre-clinical studies support the use of non-invasive PEMF therapy to
improve early tendon-to-bone rotator cuff repairll-17, the potential effect of PEMF on a soft-
tissue tendon injury has not previously been investigated. We used three separate rat models
of Achilles injury and rehabilitation in this series of studies to evaluate the effects of PEMF
on ankle joint function, tendon mechanics, tendon histology, and formation of heterotopic
ossification temporally after Achilles injury.

Overall, there were no clear, distinct effects of PEMF therapy on Achilles tendon healing. In
the complete tear model with immobilization, although many parameters did not indicate
differences between treatment groups, a few results suggest that PEMF had a detrimental
effect on rat Achilles tendon healing for both treatment durations tested in this study. Tendon
stiffness and modulus were significantly decreased and tendons failed at lower loads at early
time points with PEMF treatment. Viscoelastic and fatigue properties at later time points
were also decreased in PEMF groups compared to controls. While increased cell infiltration
is a normal response to injury and is typically considered beneficial for long-term healingZ®,
the increased cell density in PEMF-treated tendons compared to non-PEMF controls at early
post-injury time points may be impacting tissue mechanical integrity. Increased joint range
of motion in the 1 hour PEMF group may be related, at least in part, to a less stiff Achilles
tendon with increased hysteresis seen in the same group.2” Additionally, changes in loading
rate and stance time of the injured limb indicate that PEMF-treated animals are altering
ambulation patterns, which may be due to change in function or pain.1® Together, these
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results indicate that PEMF may be detrimental to the healing of complete Achilles tears after
repair.

Fewer differences were noted in the model utilizing partial tear with post-injury
immobilization. 1 hour PEMF-treated animals had altered gait patterns at 3 weeks post-
injury, and all PEMF-treated joints exhibited decreased range of motion 6 weeks post-injury.
While it is difficult to correlate these findings with specific mechanical properties, 3 hour
PEMF tendons demonstrated improved mechanics at 1 week post-injury and 1 hour PEMF
tendons demonstrated improved mechanics at 3 weeks post-injury. Cell density was
decreased for the 1 hour PEMF group at 3 weeks, suggesting that there is more load-bearing
matrix to support improvements in mechanical properties. Ultimately, these changes suggest
that PEMF treatment may aide in early tendon healing following partial width, full thickness
Achilles injury. However, immobilization for the first week is a confounding factor for
tendon healing in this model. From 1 to 3 weeks, tendon cross-sectional area increased,
without an increase in structural properties. Therefore, material properties actually decreased
between 1 and 3 weeks post-injury, coinciding with the removal of the cast, which occurred
after 1 week; animals in the 1 week group were euthanized with their casts on, so no loading
occurred in these groups. The unexpected decreases over time in material properties suggest
that other properties may be impacted by immobilization in this model'2, and make
interpretation of the effects of a therapeutic variable difficult.

These results led to our hypothesis that, in the absence of immobilization, PEMF treatment
would result in improved healing in the partial tear model compared to control tendons.
However, in this model, no differences were observed in joint function or mechanical testing
outcome measures generally associated with tendon function and healing. Ultimately, it
appears that PEMF treatment does not improve tendon healing in this partial width, full
thickness injury model without immobilization. Although there were some improvements in
histological properties, these changes did not correlate to improved joint or tendon
functional properties. Overall, it is possible that this specific injury model is too conservative
to measure potential therapeutic effects in the context of rapid baseline healing in these
otherwise healthy Sprague-Dawley rats.1?

Contrary to the consistent improvements seen in rotator cuff healing!:1’, PEMF therapy
does not have a clear effect on Achilles tendon healing. The healing environments in these
two injury settings are notably different. First, the supraspinatus tendon forms a portion of a
synovial joint capsule, below bony anatomy. Rotator cuff tears do not undergo spontaneous
healing.28 Achilles tendons are extrasynovial and are located in a more superficial location,
allowing for fibrous tissue formation in response to injury.28 Additionally, supraspinatus
tears occur most often at the tendon-to-bone insertion, a complex region of tissues with a
gradient of compositional and mechanical properties that is not restored after surgical repair.
29 Distinct from this, Achilles tendons primarily tear in the tendon midsubstance, instead
requiring only tendon tissue regeneration.! These differences highlight the importance in
assessing tendon-healing therapeutic approaches in multiple models of tendon injury at
different sites, as effects will likely differ based on the specific mechanisms targeted by a
therapeutic.30
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While not different between control and treatment groups for any model at any time point,
the observed bone formation in these Achilles tendon injury models increased over time.12 It
should be noted that heterotopic bone formation has been observed clinically as well.31
Although PEMF is known to have positive effects on osteoblast stimulation32 and bone
formation rates33, this is the first study to measure properties of Achilles heterotopic
ossification formation in the context of PEMF treatment. Based on our data, PEMF does not
appear to play a role in the initiation or maturation of post-injury heterotopic ossification.

This study was not without limitations. First, our partial tear model does require open
surgery to create the injury, therefore not mimicking the clinical condition. Additionally, the
study lacks biological data to help explain the potential detrimental effects of PEMF on
mechanical properties after complete tear. Further, FDA approved PEMF treatments are
applied locally with anatomically specific devices. In this study, PEMF was delivered
systemically. Future studies could assess the effects of localized PEMF exposure.

Future studies will also evaluate specific biological mechanisms involved in tendon-to-bone
rotator cuff healing that are altered by PEMF treatment. Additional studies could evaluate
effects of PEMF therapy for tendinitis or tendinopathy, or on other intrasynovial soft tissue-
bone interface applications such as ACL reconstruction.

In conclusion, use of non-invasive PEMF therapy to accelerate tendon healing after Achilles
tendon injury did not prove advantageous in the models studied.
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Figure 1. Complete tear with immobilization functional properties: Gait analysis.
PEMF treatment after complete Achilles tear and subsequent immobilization (A) increased

operative limb loading rate and (B) decreased stance time. These changes corresponded with
increased walking speed of both the (C) operative limb and (D) contralateral limb in the 3
hour PEMF group at both time points and in the 1 hour PEMF group at 6 weeks. PEMF also
altered (E) operative limb stride length; no changes were seen in (F) stride length for the
contralateral limb compared to controls. All data is normalized to pre-injury values. Data is
presented as mean+SD at each time point. (a) denotes significant difference between non-
PEMF and 1 hr PEMF (p<0.025); (b) denotes significant difference between non-PEMF and
3 hrs PEMF (p<0.025).
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Figure 2. Complete tear with immobilization functional properties: Passive joint motion.
One hour of PEMF treatment (A) increased total joint range of motion at all post-injury time

points, (B) increased joint stiffness in plantarflexion at 2 and 3 weeks post-injury compared
to controls, and (C) decreased stiffness in dorsiflexion at 2 weeks. Data is presented as mean
+SD at each time point. (a) denotes significant difference between non-PEMF and 1 hr
PEMF (p<0.025); (b) denotes significant difference between non-PEMF and 3 hrs PEMF

(p<0.025).
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Figure 3. Complete tear with immobilization mechanical properties.
Tendon mechanical properties were altered with PEMF treatment. (A) Cross sectional area

was larger for the 3 hour PEMF group at 1 week. (B) Stiffness was decreased at 1 and 3
weeks for 1 hour PEMF, and at 3 weeks for 3 hour PEMF. (C) Tissue modulus was
decreased at 1 week for both treatment groups compared to controls. (D) Tans was
decreased for the 3 hour PEMF group across tested frequencies, but (E) dynamic modulus
was decreased for both PEMF groups at 3 weeks. (F) Hysteresis was increased for the 1 hour
PEMF group across all phases of fatigue and for the 3 hour PEMF group at 50% fatigue life.
(G) At 1 week, tendons in the 1 hour PEMF group failed at significantly lower loads than
controls. Note that at 1 week post-op, only quasistatic parameters were measured. At 3
weeks, only quasistatic and viscoelastic parameters were reported due to the majority of
samples failing prior to cyclic fatigue loading. Data is presented as mean+SD. Solid bars

indicate significant differences (p<0.025).
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Figure 4. Complete tear with immobilization histological and uCT properties.

(A) Representative images of the injury site 1 week post-injury. (B) Cellularity was
increased for the 1 hour PEMF group at 1 week post-injury, and (C) cells were more
rounded in both PEMF groups compared to controls. (D) No differences were seen in

collagen alignment. uCT imaging showed no differences between groups with regards to (E)
volume or (F) mineral density of heterotopic ossification at any time point. Data in B and C
presented as median = IQR with minimum and maximum whiskers. Data in D-F presented

as mean + SD. Scale bar in A: 100 um. Solid bars indicate significant differences (p<0.025).
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Figure 5. Partial tear with immobilization functional properties: Gait analysis.
The 1 hour of PEMF group showed (A) increased loading rate and (B) decreased stance time

3 weeks post-injury. (C) Speed of the operative limb was not significantly altered, but (D)
non-operative limb speed was increased for the 1 hour PEMF group at 3 weeks and for the 3
hours of PEMF group at 6 weeks. There were no differences in (E) stride length on the
operative side or (F) the non-operative side between treatment and control groups. All data is
normalized to pre-injury values. Data is presented as mean+SD at each time point. (a)
denotes significant difference between non-PEMF and 1 hr Physio-Stim PEMF (p<0.025);
(b) denotes significant difference between non-PEMF and 3 hrs Physio-Stim PEMF

(p<0.025).
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Figure 6. Partial tear with immobilization functional properties: Passive joint motion.
The 3 hours of PEMF group demonstrated (A) decreased joint range of motion at 2 weeks

compared to controls, and at 6 weeks, this metric was decreased for both PEMF groups.
However, there were no significant differences in (B) joint stiffness in either plantarflexion
or (C) dorsiflexion. Data is presented as mean+SD at each time point. (a) denotes significant
difference between non-PEMF and 1 hr Physio-Stim PEMF (p<0.025); (b) denotes
significant difference between non-PEMF and 3 hrs Physio-Stim PEMF (p<0.025).
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Figure 7. Partial tear with immobilization mechanical properties.
(A) PEMF treatment did not alter cross-sectional area. (B) Stiffness was increased for the 3

hours of PEMF group at 1 week. (C) PEMF increased modulus for the 3 hour group at 1
week and the 1 hour group at 3 weeks, and the same pattern of improvements was seen for
(D) cycles to failure. (E) Tangent stiffness was also increased at 1 week for the 3 hours of
PEMF group throughout fatigue cycling. Data is presented as mean+SD. Solid bars indicate
significant differences (p<0.025).
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Figure 8. Partial tear with immobilization histological and uCT properties.
(A) Representative images of the injury site 3 weeks post-injury. (B) Cellularity decreased

with 1 hour of PEMF at 3 weeks post-injury compared to controls. There were no changes in
(C) cell shape or (D) collagen alignment. pCT imaging showed no differences between
groups in (E) heterotopic ossification volume or (F) mineral density. Data in B and C
presented as median £ IQR with minimum and maximum whiskers. Data in D-F presented
as mean + SD. Scale bar in A: 100 um. Solid bars indicate significant differences (p<0.025).
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Figure 9. Partial tear without immobilization functional properties: Gait analysis.
No differences were seen in (A) loading rate or (B) stance time during gait analysis. Animals

receiving three hours of PEMF (C) walked more quickly on the operative side than control
animals at 2 and 4 weeks post-injury, though no differences were seen (D) on the non-
operative side or in (E) operative side stride length or (F) contralateral side stride length. All
data is normalized to pre-injury values. Data is presented as mean+SD at each time point. (a)
denotes significant difference between non-PEMF and 1 hr Physio-Stim PEMF (p<0.025);
(b) denotes significant difference between non-PEMF and 3 hrs Physio-Stim PEMF

(p<0.025).
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Figure 10. Partial tear without immaobilization functional properties: Passive joint motion.
PEMF did not affect (A) range of motion, (B) plantarflexion stiffness, or (C) dorsiflexion

stiffness. Data is presented as meanSD at each time point.
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Figure 11. Partial tear without immobilization mechanical properties.
PEMF did not affect (A) tendon cross-sectional area, (B) stiffness, (C) modulus, (D)

dynamic modulus, (E) cycles to failure, or (F) tangent stiffness. Data is presented as mean
+SD.
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Figure 12. Partial tear without immobilization histological and pCT properties.
(A) Representative images of the injury site 3 weeks post-injury. (B) Cellularity was

decreased at 3 weeks for the 3 hour PEMF group, but there were (C) no changes in cell
shape. (D) Collagen alignment was also improved (decreased) for the 3 hour PEMF group at
6 weeks post-injury. pCT imaging showed no differences between groups in (E) heterotopic
ossification volume (F) or mineral density. Data in B and C presented as median £ IQR with
minimum and maximum whiskers. Data in D-F presented as mean + SD. Scale bar in A: 100
um. Solid bars indicate significant differences (p<0.025).
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