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Aims

Rotator cuff (RC) tears are common musculoskeletal injuries which often require surgical interven-
tion. Noninvasive pulsed electromagnetic field (PEMF) devices have been approved for treatment
of long-bone fracture nonunions and as an adjunct to lumbar and cervical spine fusion surgery.
This study aimed to assess the effect of continuous PEMF on postoperative RC healing in a rat RC
repair model.

Methods

A total of 30 Wistar rats underwent acute bilateral supraspinatus tear and repair. A miniaturized
electromagnetic device (MED) was implanted at the right shoulder and generated focused PEMF
therapy. The animals’ left shoulders served as controls. Biomechanical, histological, and bone
properties were assessed at three and six weeks.

Results

Extension of the tendon from preload to the maximum load to failure was significantly better in
the PEMF-treated shoulders at three weeks compared to controls (p = 0.038). The percentage
strain was significantly higher in the PEMF group at both timepoints (p = 0.037). Collagen organi-
zation was significantly better (p = 0.034) as was tissue mineral density in the PEMF-treated group
at three weeks (p = 0.028). Tendon immunohistochemistry revealed a prominent increase in type
| collagen at the repair site at three weeks following continuous PEMF treatment compared with
controls. None of the other tested parameters differed between the groups.

Conclusion

MED-generated PEMF may enhance early postoperative tendon-to-bone healing in an acute rat su-
praspinatus detachment and repair model. Superior biomechanical elasticity parameters together
with better collagen organization suggest improved RC healing.
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Article focus including tenocytes, collagen, and vascu-
This study addresses the effects of the larity; and glenoid bone density.
continuous pulsed electromagnetic field
(PEMF) on rotator cuff (RC) healing in a
rat model.

It was hypothesized that PEMF admin-
istration following RC detachment and
repair would have positive effects on
the following outcomes: biomechanical
properties; repaired tissue morphology

Key messages
PEMF application may have a positive
effect on early stages of RC healing in rats.
Specifically, superior biomechanical elas-
ticity parameters, together with better
collagen organization, were found in
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miniaturized electromagnetic device (MED)-treated
groups compared to controls.

Additionally, improvements in collagen | expression
were identified with PEMF treatment.

Strengths and limitations
The rat model used in this study is valid and commonly
used to study RC healing.
An acute model of RC injury does not accurately
mimic the chronic, degenerative age-related RC tears
seen in humans.
RC repair method used in this model is different
from that employed in humans (e.g. open surgery
vs arthroscopic surgery, type of sutures, suture
technique).

Introduction

Rotator cuff (RC) tears constitute a widespread problem
that causes substantial pain and disability, with an inci-
dence of 80% among people aged 70 years or older."?
Although the clinical outcome of RC repair is generally
favourable, postoperative re-tear or failure to heal still
remain major concerns, with an incidence up to 25%.%*
A repaired tendon and a repaired tendon-to-bone inter-
face present inferior tissue properties compared to an
uninjured RC tendon. The newly formed tissue is mostly
fibrotic and disorganized, and it reattaches poorly to
the bone.

Many noninvasive therapeutic devices have been
used postoperatively to improve tendon-to-bone
healing, including therapeutic ultrasound and shock-
wave therapy.>® Noninvasive devices that emit pulsed
electromagnetic fields (PEMFs) have been approved
by the Food and Drug Administration (FDA) for the
treatment of long-bone fracture nonunions, and as an
adjunct to lumbar and cervical spine fusion surgery.>7-2
About four decades ago, researchers found that PEMF
therapy could be practical to accelerate wound healing
and fracture repair, reduce haematoma, treat soft-tissue
injuries, and alleviate inflammation.™ Current data on
the potential influence of PEMF on tendon and tendon-
to-bone healing, however, are scarce.

Several preclinical studies have examined the effect
of PEMF in various biological models, including one
study on the effect of PEMF in a rat fibular osteotomy
model, which found increased bone callus volume,
stiffness, and modulus in the PEMF-treated group.™
Because PEMF therapy is commonly used in bone frac-
ture healing, it has been considered that there may be
a potential therapeutic application of PEMF therapy
to enhance soft-tissue healing as well.” Preclinical
studies examining tendon-to-tendon healing have also
suggested that PEMF increases tensile strength of a
repaired Achilles transection in a rat model.’ A recent
study by Tucker et al”” indicated that PEMF improved
early tendon-to-bone healing without altering joint

function in a rat RC repair model, but the animals were
exposed to a systemic PEMF signal.

The miniaturized electromagnetic device (MED)
(MagdentLtd, Israel) is shaped like a dental healing abut-
ment. It houses microelectronic modules that generate
PEMF to improve bone formation after a dental implant
procedure. That system was developed based on posi-
tive results observed in other bone-healing models,
but it uses conceptually similar systems that require an
external power source and wiring, making this option
inconvenient and cumbersome.

The objective of the current study was to evaluate
the effects on tendon-to-bone healing of a new PEMF-
generating device that was implanted at the site of RC
repair. It was hypothesized that PEMF administration
following RC detachment and repair would have posi-
tive effects on the following outcomes: biomechan-
ical properties; repaired tissue morphology including
tenocytes, collagen, and vascularity; and glenoid
bone density. The healing was assessed by biome-
chanical, micro-CT (uCT), and histological results of its
application.

Methods

Animals. All procedures were approved by the
Institutional Animal Care and Use Committee at the
Tel Aviv Sourasky Medical Center. A total of 30 adult
male Wistar rats (250 g to 300 g body weight) were
used for the experiments. The animals were maintained
on a 12-hour light/12-hour dark cycle at 21°C to 22°C
and acclimatized for seven days before the experiments
were initiated. The rats were allowed ad libitum access
to food and water. An ARRIVE checklist is included in the
Supplementary Material to show that the ARRIVE guide-
lines were adhered to in this study.

RC repair model. All the animals were subjected to
identical bilateral supraspinatus detachment and re-
pair as described,' and all surgeries were performed
under isoflurane-induced general anaesthesia. Surgical
exposure of the supraspinatus tendon was achieved
as follows under aseptic operating room protocols. A
2 cm skin incision was performed over the craniolateral
aspect of the glenohumeral joint in a deltoid split ap-
proach. Medial and lateral flaps were raised to expose
the deltoid muscle. The deltoid muscle was partially de-
tached from the posterior acromion, split distally for a
distance of 1 cm to 1.5 cm, and retracted with a point-
ed towel clamp to expose the underlying supraspinatus
tendon. A tag suture was applied to the supraspinatus,
and the tendon was sharply detached at its insertion
on the greater tuberosity. The supraspinatus tendon’s
footprint on the surface of the greater tuberosity was
gently debrided with a scalpel to enhance tendon-to-
bone healing. A Mason-Allen stitch was placed into
the supraspinatus tendon (4 to O Ethibond; Johnson &
Johnson, USA) and then passed through a bone tunnel
in the greater tuberosity.
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Fig. 1

a) and b) Miniaturized electromagnetic device (MED) implantation procedure in the subcutaneous space on the right shoulder. c) Schematic presentation
of the MED-pulsed electromagnetic field (PEMF) generating device. The device is shaped like a dental healing abutment and made of a titanium body that

houses a microelectronics module, micro battery, and coil.

Gross evaluation of the tissue immediately after
repair revealed good apposition of the tendon onto the
bone, with no visible gap. The MED was implanted in a
subcutaneous space at the right shoulder and secured
with sutures following the tendon repair (Figure 1). The
skin was closed by nonabsorbable skin sutures.

MED device description. The MED is a miniature PEMF
generator. The device is shaped like a dental healing
abutment and made of a titanium body that houses in-
side a microelectronics module, micro battery, and coil.
The device is manufactured with an external thread on
its lower part. In order to anchor the device in place
during RC repair surgery in rats, a plastic gig was man-
ufactured, which had an internal thread and designated
suturing holes at its limbs. The MED device was con-
nected to the gig by threading it into the gig, and dur-
ing the procedure it was sutured over the connection
area through the designated suturing holes, thus keep-
ing the MED device in place during the follow-up (FU)
period (Figure 1).

PEMF description. The MED generates a PEMF, operat-
ing continuously for up to 40 days. The PEMF outside
the titanium body is effective at a distance of up to
3 mm. The specific parameters of the PEMF are: intensity

— varies depending on the positioning of the device rel-
ative to the tissue target area, and ranges between 0.05
mT to 0.5 mT; and frequency — 10 kHz. The device op-
erates continuously at the same parameters during the
entire duration of treatment.

External measuring probe description. In order to veri-
fy that the MED devices are operating properly during
the study period, an external probe was designed and
used. The probe is made of a plastic housing, incorpo-
rating sensitive micro coils, connected to output wires,
which are connected to an oscilloscope. In order to veri-
fy the operation of the MED devices during the trial, the
probe was placed externally on the rat skin, over the
device location, and the PEMF parameters were checked
on the oscilloscope.

To eliminate the variance in PEMF intensity, due to
different distances between the implanted MED device
and the external probe in each animal, immediately
after the MED device implantation and suturing of the
rat’s skin, a baseline measurement was taken using the
external probe. This was used for comparison, with
measurements taken once a week during the entire FU
period.
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[ 30 Wistar rats will undergo bilateral RC tear and repair
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Fig. 2

Study flowchart showing biomechanical, histological, and osseous properties assessed at three and six weeks. LT, left; MED, miniaturized electromagnetic

device; RC, rotator cuff; RT, right; uCT, micro-CT.

Outcome parameters assessment. Biomechanical, histo-
logical, and osseous properties were assessed at three
and six weeks (Figure 2).

Biomechanical testing. The humerus and supraspinatus
tendon specimens were harvested and dissected free of
surrounding tissue. The supraspinatus tendons were kept
in saline solution at room temperature, thus prevent-
ing necrosis and dehydration. All biomechanical tests
were performed on the same day as rat euthanasia. In
all specimens, the suture used to repair the tendon to its
footprint was removed in cases where it was complete-
ly loose, in order not to disturb the surrounding healing
tissue. Digital calipers were used to measure the cross-
sectional area of the supraspinatus tendon at the point
of insertion into the humerus as previously described."
The humerus was attached directly to the clamp in posi-
tion of 45° angle to direct the pulling force in the original
direction of the supraspinatus. The tendon was secured
in a clamp by sandpaper, and a Lloyd materials testing
machine was used to complete the biomechanical test-
ing (Model LS5; Lloyd Instruments, UK). Tests were per-
formed with YLC-0100-A1 0.5% accuracy 100 N loadcell
(Lloyd Instruments). The biomechanical testing protocol
was previously established by Galatz et al.?° The tendons
were subjected to a preload of 0.2 N, five preconditioning
cycles to 0.38 mm displacement, 300 seconds of a stress
relaxation test at 0.38 mm displacement, and 300 sec-
onds of recovery. Specimens were subsequently pulled
to failure at a rate of 0.5 mm/second. All samples failed at
the repair site.

Biomechanical data collection and analyses were
performed with Nexygen Plus Software Version 4.0.1
(Lloyd Instruments).

HCT scanning. Bone density was assessed by uCT scan-
ning (Xradia Micro-CT X-ray Tomographical Microscope;
Zeiss, Germany). The humeri samples were maintained
in a medium of 4% neutral buffered formalin for 48
hours and then stored in 70% ethanol. uCT scans were
performed at energy 90 kVp, tube intensity 200 pA, inte-
gration time 1,000 msec, with an isotropic nominal res-
olution of 17.2 ym. The region of interest was defined as
the area 5 mm proximal from the growth plate, which
included the greater tuberosity and the bony footprint.
Bone mineral density (BMD), trabecular thickness (Tb,
Th, mm), trabecular spacing (mm), tissue mineral densi-
ty (TMD), bone volume (BV), and bone volume fraction
(BV/total volume) were measured.

Histological analysis. Histological analyses were per-
formed to assess cell shape, cellularity, and collagen fibre
organization at the injury site of the repaired supraspi-
natus tendon. The site of injury was defined as the cen-
tral portion of the fibrous scar tissue. The supraspinatus-
humerus units of the euthanized animal were dissected,
fixed in formalin, and processed by standard paraffin
techniques. Next, 7 pm sections were then stained with
haematoxylin and eosin (H&E) and Masson's trichrome
(MT). A blinded musculoskeletal pathologist (OS) evalu-
ated the tissue sections from the repair site for tenocytes,
collagen, and vascularity under light and polarized light
microscopy (Nikon Eclipse TS100; Nikon Instruments
Europe BV, The Netherlands) using the semiquantitative
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Biomechanical testing results. Elongation of the tendon from preload to the maximum load to failure was significantly better in the pulsed electromagnetic
field (PEMF)-treated animals at three weeks compared to the controls (p = 0.038, independent-samples t-test). The percentage strain was significantly
higher in the PEMF group at both three- and six-week timepoints. Graphs are reported as mean and standard deviation (SD). "p < 0.05 versus control group,

independent-samples t-test. MED, miniaturized electromagnetic device.
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Three parameters of the Bonar score, miniaturized electromagnetic device (MED) versus control. Collagen organization was significantly better in the pulsed
electromagnetic field (PEMF)-treated group at three weeks (p = 0.034, independent-samples t-test). Collagen organization did not differ significantly between
groups at six weeks (p = 0.101, Mann-Whitney U test). Graphs are mean and standard deviation (SD). *p < 0.05 versus control group, independent-samples

t-test.

Bonar score?' in which 0 = normal appearance and 3 = a
markedly abnormal appearance.

The following three criteria were evaluated: tenocytes,
collagen organization, and vascularity. Each of these
parameters was scored individually by a musculoskeletal
pathologist (OS) using a scale of O to 3: when normal
parameters were scored O and most pathological were
scored 3.

Tenocytes: 0 — elongated nuclei with no obvious cyto-
plasm; 1 — ovoid nuclei with lesser cytoplasm; 2 — round
nuclei with a small amount of cytoplasm; 3 — large,
round nuclei with abundant cytoplasm.

Collagen: 0 — tightly arranged and well-demarcated
bundles with polarization pattern with normal crimping;
1 — diminished fibre polarization: separation of indi-
vidual fibres with maintenance of demarcated bundles;
2 — fibres separated with loss of demarcation of bundles

with loss of normal polarization; 3 — fibres markedly
separated, loss of architecture.

Vascularity: O — blood vessels coursing between
bundles; 1 — less than one cluster of capillaries per ten
high-power field; 2 — one to two clusters of capillaries per
ten high-power fields; 3 — more than two clusters per ten
high-power fields.

Three sequential sections for each staining were eval-
uated from each specimen. Digital images were captured
by an inverted microscope (Nikon Eclipse TS100).
Tendon immunohistochemistry. The immunohistochem-
istry analysis was performed by incubating the sections
with specific antibodies for type | and type Ill collagen
(Abcam, UK). Following deparaffinization and rehydra-
tion, sections underwent digestion and were blocked
with 3% hydrogen peroxide to inhibit endogenous per-
oxidase activity, washed in phosphate-buffered saline
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Representative images of histological and immunohistochemical analyses. Miniaturized electromagnetic device (MED) and control groups were evaluated at
three and six weeks. Tendon immunohistochemistry revealed a prominent increase in type | collagen at the repair site at three weeks following continuous
pulsed electromagnetic field (PEMF) treatment compared with controls, but these differences were less notable after six weeks. HE, haematoxylin and eosin;

MT, Masson’s trichrome.

solution, blocked to prevent non-specific binding, and
incubated with primary antibody. For type | collagen de-
tection, section was then incubated with ab21287, 2 ug/
ml (Abcam), for 15 minutes at room temperature and de-
tected using a horseradish peroxidase (HRP)-conjugated
compact polymer system. Type Ill collagen detection
was performed by incubating the sections with ab7778
(Abcam) at a concentration of 1 pg/ml for 20 minutes. A
total of five histological sections per antibody per time-
point per group was evaluated. The slides were evaluated

at magnification x200 and qualitatively assessed in a
blinded fashion.

Statistical analysis. The power analysis was based on a
previous study that assessed RC tendon healing in rats
after interventions. A strength increase of 20% was set
as clinically significant for the current study. With these
evaluations for biomechanical testing, a power of 80%
is achieved using ten animals per group with a = 0.05.
All statistical comparisons were made between the PEMF
and control (non-PEMF) groups at the same timepoints.
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Micro-CT results. Tissue mineral density was significantly higher in the pulsed electromagnetic field (PEMF)-treated group compared to controls at three
weeks (p = 0.028); the same trend was observed at six weeks, however this was not statistically significant (p = 0.120). Graphs are reported as mean
and standard deviation (SD). All p-values were calculated using independent-samples t-test. BV/TV, bone volume/total volume; MED, miniaturized

electromagnetic device; TMD, tissue mineral density.

Mechanical testing, uCT, and collagen fibre organization
comparisons were done using independent-samples t-
tests with significance set at p < 0.05. Semiquantitative
histological comparisons were performed using Mann—
Whitney U tests with significance set at p < 0.05.

Results

General observations. All rats demonstrated normal gait
patterns and food consumption postoperatively. All RC
repairs (PEMF-treated and control groups) were gross-
ly intact at the time of euthanasia. There were no failed
repairs or proximal humeral fractures. In addition, there
were no signs of infection or significant injuries in any of
the animals’ shoulders.

Biomechanical properties. All specimens failed at the
original tear site. Improvements in mechanical properties
at both three and six weeks postoperative were identi-
fied in the PEMF-treated group compared with untreated
animals. There were no statistically significant differences
in relaxation over time within each group and between
study groups (data not shown).

A significantly higher magnitude of elongation was
presented in the PEMF-treated animals at three weeks
compared to the controls (p =0.05, independent-samples
t-test) (Figure 3). The percentage strain was significantly

higher in the PEMF group at both three- and six-week
timepoints. No statistically significant differences were
found in maximal load, stiffness, and maximum stress at
any timepoint (Figure 3).

Histology. No differences were found in tenocyte
shape or vascularity between the PEMF-treated an-
imals compared with the non-PEMF controls at any
timepoint. Collagen organization was significantly
better in the PEMF-treated group at three weeks (p
= 0.034, Mann-Whitney U test). Collagen organiza-
tion did not differ significantly between groups at six
weeks (p = 0.101, Mann-Whitney U test) (Figures 4
and 5).

Tendon immunohistochemistry revealed a promi-
nentincrease in type | collagen at the repair site at three
weeks following continuous PEMF treatment compared
with controls, but these differences were less notable
after six weeks (Figure 5).

Micro-CT. Tissue mineral density was significantly
higher in the PEMF-treated group compared to con-
trols at three weeks (p = 0.028, independent-samples
t-test); the same trend was observed at six weeks as
well, however this was not statistically significant (p =
0.120, independent-samples t-test). Bone volume was
slightly higher in the PEMF-treated group at six weeks
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(p = 0.141, independent-samples t-test), while none
of the other parameters differed between the groups
(Figure 6).

Discussion

The principal results of this study suggest that PEMF
application may have a positive effect on early stages of
RC healing in rats. Specifically, superior biomechanical
elasticity parameters together with better collagen orga-
nization were found in MED-treated groups compared
to controls. Additionally, improvements in collagen |
expression were identified with PEMF treatment. There
was no difference in maximal load to failure between
the groups.

Two recently published studies examined the
effects of systemically applied PEMF on RC healing in
rats. Tucker at al’7 examined the effect of exposure of
a commercially available and Food and Drug Adminis-
tration (FDA)-approved PEMF waveform on tendon-to-
bone healing in a rat RC model. In line with our current
study results, they found that the PEMF group had a
decreased cross-sectional area and increased modulus
at four weeks, and that the PEMF group had increased
modulus and more rounded cells in the midsubstance
at eight weeks. Moreover, they found that the PEMF
group had improved maximum stress at four weeks
and bone quality at 16 weeks. Another study by the
same research group investigated the influence of both
PEMF frequency and exposure time on RC healing.??
As observed in their previous study and similar to our
current study, their later study demonstrated improve-
ments in different mechanical properties at various
endpoints for all treatment methods when compared
with untreated animals, regardless of PEMF frequency or
duration. Collagen organization improved for several of
the treatment groups compared with controls. In addi-
tion, improvements in type | collagen and fibronectin
expression were identified with PEMF treatment. Gener-
ally, the results of both of their studies suggested that
PEMF therapy appears to have a positive effect on RC
healing in rats.

Liu at al?®> examined the effects of PEMF on human
tenocyte growth and differentiation in vitro. RC tissue
was harvested from one healthy 19-year-old male
donor. They showed a significant enhancement of
tendon gene and growth factor expression tenocytes
extracted from human RC tendons after two weeks of
exposure to PEMF

To the best of our knowledge, this is the first study
to examine the effects on RC healing of an implanted
device with internal PEMF stimulators. This device
(MED) produces an electromagnetic field around the
target site similar to that of external devices. The ability
of MED-generated PEMF to improve bone healing
had been demonstrated both in vivo and in clinical
studies.?*?> The advantage of this device is that the effec-
tive electromagnetic field is directed precisely around

the tendon-to-bone repair site and there is no need to
use an external PEMF source. Thanks to the very small
size of the MED (i.e. 22.5 mm), we were able to use
it as a subcutaneous implant in a small animal model.
This allows for continuous local activation of the PEMF
device for 24 hours a day, with the goal of achieving
improved healing in the early postoperative stage.
There are several limitations to this study. Although
the rat model used in this study is valid and commonly
used to study RC healing, it does not accurately mimic
the chronic, degenerative age-related RC tears seen
in humans. Additionally, because of the small size of
the animal, the RC repair method used in our model
is different from that employed in humans (e.g. open
surgery vs arthroscopic surgery, type of sutures, suture
technique). Finally, the effects of PEMF on RC healing
were examined only at early postoperative timepoints.
Within the limitations of the present study, we
conclude that MED-generated PEMF may enhance early
postoperative tendon-to-bone healing in an acute rat
supraspinatus detachment and repair model. Superior
biomechanical elasticity parameters together with better
collagen organization suggest improved RC healing.

Supplementary material
ARRIVE checklist included to show that the ARRIVE
guidelines were adhered to in this study.
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