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KEY POINTS

e The rehabilitation therapist must understand how musculoskeletal tissues heal, how
regenerative medicine therapies affect healing, and how this relates to the patient and
therapeutic interventions.

e Both subjective and objective outcome measures should be used to assess the patient
and monitor their progress through a rehabilitation therapy program so that adjustments
can be made as needed.

o Although initial studies suggest regenerative medicine and rehabilitation therapy modal-
ities may work synergistically to enhance tissue healing, additional study is required to
fully define optional rehabilitation therapy protocols after regenerative medicine therapy
in the canine.

INTRODUCTION

Regenerative medicine is commonly performed in the human, equine, and canine to
help manage various musculoskeletal conditions. In the canine, regenerative medicine
is frequently used to treat osteoarthritis and soft tissue injuries. The two most
commonly reached for forms of regenerative medicine in the canine are platelet-rich
plasma (PRP) and stem cell therapy.

Platelet-Rich Plasma in the Canine

PRP is a biological product containing the plasma fraction of autologous blood with a
concentration of platelets and the associated growth factors and cytokines that is
higher than baseline.”? The associated growth factors and cytokines that have
been correlated to tissue healing include platelet-derived growth factor (PDGF),
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transforming growth factor-a (TGF-«), transforming growth factor-p (TGF-p), vascular
endothelial growth factor (VEGF), basic fibroblastic growth factor, epidermal growth
factor, connective tissue growth factor, insulin-like growth factor (IGF), hepatocyte
growth factor (HGF), and keratinocyte growth factor (Table 1).° These various growth
factors and cytokines have been shown to work individually and/or synergistically to
promote cell recruitment, cell migration, cell proliferation, angiogenesis, and osteo-
genesis.'™ In addition, PRP has also been shown to recruit, stimulate, and provide
a scaffold for stem cells.®'° Thus, PRP has been used to manage numerous condi-
tions including wound healing, osteoarthritis, and soft tissue injury in canines.’'2°

Stem Cell Therapy in the Canine

In the canine, most research has focused on adult stem cells, specifically mesen-
chymal stem cells (MSCs) that are derived from either the bone marrow or adipose

Table 1

Platelet-rich plasma-based growth factors and cytokines

Growth Factors and Cytokines Function

Platelet-derived growth factor (PDGF) Mitogenic for mesenchymal cells and

osteoblasts. Stimulates chemotaxis and
mitogenesis in fibroblast, glial cells, and
smooth muscle cells. Regulates collagenase
secretion and collagen synthesis.
Stimulates macrophage and neutrophil

chemotaxis.
Transforming growth factor-o (TGF-a), Stimulates undifferentiated mesenchymal
Transforming growth factor- (TGF-B) cell proliferation. Regulates endothelial,

fibroblastic, and osteoblastic mitogenesis.
Regulates collagen synthesis and
collagenase secretion. Regulates mitogenic
effects of other growth factors. Stimulates
endothelial chemotaxis and angiogenesis.
Inhibits macrophage and lymphocyte
proliferation.

Vascular endothelial growth factor (VEGF) Stimulates angiogenesis and mitogenesis for
endothelial cells.

Basic fibroblastic growth factor (bFGF) Promotes growth and differentiation of
chondrocytes and osteoblasts. Mitogenic
for mesenchymal cells, chondrocytes, and
osteoblasts.

Epidermal growth factor (EGF) Proliferation of keratinocytes and
fibroblasts. Stimulates mitogenesis for
endothelial cells.

Connective tissue growth factor (CTGF) Stimulates angiogenesis, cartilage
regeneration, fibrosis, and platelet
adhesion.

Insulin-like growth factor (IGF) Chemotactic for fibroblasts and promotes

protein synthesis. Augments proliferation
and differentiation of osteoblasts.

Hepatocyte growth factor (HGF) Stimulates epithelial repair and
neovascularization during wound healing.

Keratinocyte growth factor (KGF) Regulates epithelial migration and
proliferation.
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tissue and have the ability to differentiate into multiple cell lines such as osteoblasts,
chondrocytes, and tenocytes.®>3! Furthermore, MSCs are of great importance
because of their paracrine effects through secreting growth factors and cytokines
that play important roles in tissue healing, such as VEGF, TGF-B, and interleukins
(IL-1B, IL-6, and IL-8).%'32 In addition, MSCs have immunoregulatory effects by
repressing T-cell proliferation, dendritic cell maturation, B-cell activation, and cyto-
toxic activation of resting Natural Killer (NK) cells.>'-23-38

To date, no evidence supports superiority of one source of MSCs over the other in
terms of viability or efficacy of the derived stem cells. Once the sample is obtained, it is
processed and prepared for injection. Both bone marrow-derived stem cells and
adipose-derived stem cells can be processed onsite or shipped to a university or pri-
vate company for processing, culturing, and banking for future use. In addition,
because recent studies have shown that PRP recruits and stimulates stem cells,
PRP is often combined with stem cells before injection to both activate and act as a
scaffold for the stem cells.>*~° Numerous recent studies have demonstrated the effi-
cacy of stem cell therapy for canine osteoarthritis as well as soft tissue injury.?"-46-62

Administration of Regenerative Medicine

Injection of regenerative medicine is a minimally invasive procedure that typically can
be performed on an outpatient basis. Sedation or general anesthesia is often recom-
mended. Intra-articular injections may be performed with or without advanced imag-
ing (digital radiology, fluoroscopy) for guidance.®®%* For soft tissue injuries,
ultrasonography guidance ensures the accuracy of the injection as both PRP and
stem cells are most effective when administered directly into the site of injury.5%:64

Initial Recommendations Following Regenerative Medicine Therapy

Following regenerative medicine therapy, exercise restriction is typically recommen-
ded for a minimum of 14 days, which means that patients should not participate in
running, jumping, or playing roughly. However, this recommendation may change
based on the condition that the patient is being treated for. Patients are often pre-
scribed medications for discomfort as needed as it is not uncommon for there to be
mild discomfort associated with treatment for the first 24 to 72 hours. Medications
that are initially avoided following regenerative medicine therapy include glucocorti-
coids, nonsteroidal anti-inflammatory drugs, and antiplatelet therapies.® Finally,
owners are advised to monitor for signs of complication, such as infection or sterile
inflammatory response.53:65.6¢

PRINCIPLES OF DEVELOPING AND IMPLEMENTING A REHABILITATION THERAPY
PLAN

Rehabilitation therapy is often implemented in the treatment and management of
musculoskeletal conditions in the canine. Regardless of the condition being treated
or the treatment methodologies used, it is imperative to adhere to basic principles
of rehabilitation therapy; regenerative medicine cases are no exception to this.

First, the rehabilitation therapist must understand that musculoskeletal tissues
follow a predictable pattern of healing with distinct phases.®” Rehabilitation therapists
must thoroughly understand these phases as they relate to the patient and therapeutic
interventions.®® Furthermore, in patients who have received regenerative medicine
therapy, it is equally important to understand how regenerative medicine affects tissue
healing for the condition being treated.>':63:69:70
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Next, at the initial evaluation, it is important for the rehabilitation therapist to
establish a baseline database of both subjective and objective outcome measures
that are relevant to the condition being treated. Subjective outcome measures
may include validated client-specific outcome measure surveys and subjective
gait analysis.”'"®2 Objective outcome measures may include muscle girth, kinetic
or kinematic gait analysis, weight-bearing at stance, and goniometry.”!:72:85-86
Based on the initial assessment, an individualized treatment plan with specific,
quantifiable, and appropriate goals should be developed for each patient. In addi-
tion, a patient’s progress should be monitored with both subjective and objective
outcome measures. Adjustments to the rehabilitation therapy program should be
made as needed.

Finally, as with any rehabilitation therapy program, client education is imperative for
a successful outcome. The client is the main caregiver for the patient. Thus, it is impor-
tant for the client to have a comprehensive understanding of the rehabilitation therapy
plan so that they are empowered as an integral care team member. It is also important
for the practitioner to communicate with the client on the recommendations and ex-
pectations so that they adhere to the home care recommendations and have a general
understanding of what may lie ahead for the patient.

REGENERATIVE MEDICINE AND REHABILITATION THERAPY

Rehabilitation therapy is the targeted application of mechanical, thermal, acoustic,
electrical, and/or light stimuli to enhance intrinsic tissue healing potential.8”-88 The
application of rehabilitation therapy modalities is based on the clinical evidence
that stimuli at a tissue or organismal level improve functional outcomes following
injury or disease.®® In human medicine, the concept of regenerative rehabilitation
has been introduced as the optimized application of rehabilitation science to pro-
mote regenerative therapies.®®°C Regenerative rehabilitation has been specifically
defined as the application of rehabilitation protocols and principles together with
regenerative medicine therapeutics toward the goal of optimizing functional recovery
through tissue regeneration, remodeling, or repair.5° Regenerative rehabilitation is a
new area of study and much work remains to be done; however, initial studies have
shown that regenerative medicine and rehabilitation therapy may work safely and
synergistically to enhance tissue healing.83°° The goal of this discussion is to high-
light relevant studies on the effects of rehabilitation therapy on regenerative
medicine.

Therapeutic Exercise

The goals of therapeutic exercise are to increase muscle strength, improve flexibility,
improve proprioception, reduce inflammation, reduce pain, and improve function.°’
Multiple studies have demonstrated the important and beneficial role of low-grade
mechanical strain on tissue healing.®® Therapeutic exercise is thus an integral compo-
nent of any rehabilitation therapy program.

Therapeutic exercise is thought to have application to regenerative medicine as
cells and tissues respond to mechanical stimuli.®® Extrinsic mechanical cues are
transmitted by cytoskeletal structures that communicate with cytosolic messengers
and/or the nucleus to regulate gene expression and cellular behavior.®° It has been
shown in recent in vitro studies that dynamic mechanical cues are potent drivers of
stem cell response and play critical roles in morphogenesis, gene expression, and
collagen production.®®>=°” Recent studies have also demonstrated synergy between
therapeutic exercise and regenerative medicine. Multiple animal tendinopathy studies
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have shown that mechanical loading is regenerative to tendons and works synergisti-
cally with PRP for tendon healing.®-9%-°° Therapeutic exercise has also been combined
with regenerative medicine to help manage osteoarthritis. One previous study found
that in dogs with osteoarthritis who were treated with plasma rich in growth factors
(PRGF) and physical rehabilitation consisting of an exercise program maintained
increased kinetic gait outcome measures throughout the 180-day study period,
whereas dogs treated with PRGF alone had a decline in kinetic gait outcome mea-
sures after 90 days.!” A recent case study in seven human patients with mild to mod-
erate knee osteoarthritis treated with stromal vascular fraction (SVF) and both land-
and water-based exercise had improved pain scores, quality of life scores, and func-
tional performance measures of mobility.'°° Although optimal therapeutic exercise
programs have yet to be defined, from the initial research, gentle passive range of mo-
tion (PROM) and isometric exercises within patient comfort are generally considered
to be safe and possibly beneficial.

Low-Level Laser Therapy

Low-level laser therapy (LLLT) or photobiomodulation therapy is the use of red/near-
infrared light to stimulate tissue healing, reduce inflammation, and reduce pain.
Cellular targets absorb specific wavelengths of light, which initiates intracellular pro-
cesses to cause physiologic and biological effects, such as increasing adenosine
triphosphate (ATP) production, increasing collagen synthesis, increasing cellular pro-
liferation, increasing myofibroblast activity, increasing angiogenesis, increasing oste-
oblast activity, increasing local endorphin release, and altering pain threshold.8”:101.102
With its multitude of physiologic and biological effects, LLLT is commonly used in vet-
erinary rehabilitation to modulate tissue function as it is noninvasive, painless, and
easily administered. Recently, photoactivation (PAC) of both PRP and MSCs has
been an increasing area of study. To date, most studies assessing the effects of laser
therapy and regenerative medicine have been performed using a Class lllb laser
(average radiant power <500 mW) (Table 2)."%°

PAC of platelets has been shown to support optimal growth factor and cytokine
concentrations.%~'97 One recent study showed that PRP was successfully activated
with polychromatic light (PAC, wavelength 600-1200 nm) for 10 minutes and realized
activation-dependent sustained growth factor release during 28 days.'®* Thus, this
study concluded that PAC has a great potential of activation of PRP and enables sus-
tained growth factor release from PRP."%* Recent studies have assessed using photo-
activated PRP for knee osteoarthritis and found it to be safe and efficacious.°%106:108
In addition, recent studies also found that using laser therapy and PRP or photoacti-
vated PRP in animals with Achilles tendon injury reduced the oxidative stress on
tendon and modulated collagen production at injury site.'0%11°

PAC of MSCs has also been a new area of study. It is well documented in the liter-
ature that LLLT can increase MSC differentiation, proliferation, and survival.""'='22 |n
addition, LLLT combined with stem cell therapy has been shown to accelerate bone
healing by stimulating angiogenesis and osteogenesis.'??~?6 LLLT has also been
combined with MSCs to support tendon healing by stimulating tendongenic induction,
increasing fibroblast survival, improving tendon reorganization.''%116.127

A broad range of LLLT protocols and dosing schedules were used in these studies.
Most of these studies indicate that Class llIb LLLT is safe to use in patients treated with
regenerative medicine. However, although from these studies it can be concluded that
LLLT positively influences regenerative medicine therapies, further study is needed to
establish optimal laser therapy protocols.
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Table 2

Relevant studies pertaining to low level laser therapy and regenerative medicine

Regenerative

Medicine Laser Laser Laser
Study Study Type Animal Model Product Used Power Wavelength Laser Fluency Frequency Conclusions
Fornaini Case report Human (jaw PRP gel 1TW 808 nm not stated 2x weekly Safety confirmed
et al, 2017 osteonecrosis) for 2 wk
Patterson Double-blinded, Human (knee PA-PRP 0.005- 480-670 nm 2.4 J/cm? Once Safety confirmed
et al, 2016 randomized osteoarthritis) 0.100 W
controlled
clinical trial
Goncalves In vivo Rat (stifle PA-PRP (8 x 10° 0.025 W 808 nm 20 J/cm? Once All treated groups
et al, 2021 osteoarthritis) platelets) did best, PRP +
PBM better on
catalase activity
Freitag Case report Human (knee PA-PRP 0.005- 480-670 nm 2.4 Jjem? Once Safety confirmed
et al,'® 2013 osteoarthritis) 0.100 W
Ozaki In vivo Rat (gastrocnemius PRP (4999 x 103 0.025 W 637 nm 31.85 J/cm? Daily LLLT and PRP
et al,’® 2016 injury) platelets/uL) for7d reduced oxidative
stress on tendon
and modulated
collagen
production at
injury site
Alzyoud In vivo Sheep PRP (5% platelet 0.150- 625 nm 4 J/cm? Once LLLT enhances cell
etal,’'° 2019 (gastrocnemius increase) 1.2W and 850 nm migration and
injury) proliferation
Cavalcanti In vitro Canine BMSC 0.05 W 660 nm 1-12 J/em? Once 6-12 J/cm? increased
et al,''? 2015 canine BMSC
viability and

proliferation

908
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Elbaz-Greener Double-blinded, Human (acute BMSC 0.9W 808 nm 1 J/em? Once LLLT is a safe and

etal,’*° 2017 randomized myocardial feasible
controlled infarction) adjunctive
clinical trial treatment
Gutierrez In vitro Human APSC 100 W 650 and 880 nm 3-8 J/cm? Once LLLT promotes
et al, 2021 proliferation and

differentiation
best at 6 J/m? and

650 nm
Li et al, In vitro Rat TDSC 2W 532 nm 15 J/cm? Once A 532 nm laser with
2022 15 J/cm regulated

the process of TDSC
proliferation and
upregulated

tenogenic
differentiation.
Min In vitro/ Rat Human 0.835 W 830 nm 0.05 J/cm? Daily LLLT enhanced the
et al, 2015 in vivo ADSC for2-3d proliferation and

viability of ADSCs.
The ADSCs enhanced
by LLLT could be
safely applied

in various
clinical fields.
Peat In vitro Equine BMSC 13.0wW 1064 nm 9.77 Jlcm? Once 24 h after LLLT
etal,'’? 2018 MSCs demonstrated
significant

expression of
IL-10 and VEGF

(continued on next page)
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Table 2
(continued)

Study Study Type Animal Model

Regenerative
Medicine
Product Used

Laser Laser
Power Wavelength

Laser
Frequency Conclusions

Yin In vitro Human
et al,’?' 2017

BMSC

0.003- 660 Nnm
0.0045 W

Once LLLT increases cell
migration by
increasing the
levels of FAK that
regulates cell
adhesion and
migration signals
in cells. Cell
proliferation and
viability of MSCs
was also increased.
Growth factors
(HGF and PDGF)
were also elevated.

Bai In vitro/ Mouse (bone
et al,’?* 2021 invivo healing)

Human BMSC

0.1W 808 nm

Once LLLT increased
osteogenic
differentiation
and bone
vascularization.

Agari In vivo Rat (bone
et al, 2020 healing)

Human ADSC

0.001- 890 nm
75 W

3 sessions LLLT and ADSC
per week accelerated
for 4 bone healing
or 8 wk of bone defect

in rat model.

Fekrazad In vitro/in vivo  Rabbit (bone
et al,’* 2019 healing)

BMSC

0.030- 660 nm
0.2W and 810 nm

Once 810 and 485 nm
increased cartilage
differentiation; 660
and 810 nm
stimulated
osteogenesis

808
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Santinoni
et al,’?? 2020

In vitro/in vivo

Rat (bone
healing)

BMSC

0.035 W

660 Nnm

4.9 J/cm? per
point (39.
2 J/cm? total)

Once

LLLT-enhanced
angiogenesis, cell
proliferation,
osteoblast
differentiation, and
mineralization via
higher VEGF, PCNA,
BMP-2, OPN, and
OCN expression

Wang In vivo

et al,'2¢ 2018

Rat (bone
healing)

Human ADSC

0.07 W

660 Nnm

4 Jlem?

Once

LLLT and ADSC improved
fracture repair in
bone defects and
strong signals of
VWEF expression.

Gomiero In vitro

et al,’”’ 2016

Equine (tendon
healing)

PB-MSC

25W

660 Nnm
and 905 nm

5 J/em?

Once daily
for5d

LLLT increased
Tenascin C levels

Hendudari In vitro

etal,'’” 2016

Human (tendon
healing)

BMSC

0.00185
W/cm?

632.8 nm

0.5, 1, and
2 J/em?

Once

LLLT improved
viability and
survival of
fibroblasts

Lucke
etal,''® 2018

In vitro/in vivo

Rat (tendon
healing)

ADPC

0.040 W

808 nm

50 J/cm?

Once

LLLT and ADSC
group had
improved
collaged
reorganization

Abbreviations: BMP-2, bone morphogenic protein-2; BMSC, bone marrow derived stem cell; OCN, osteocalcin; OPN, osteopontin; PBM, photobiomodulation;
PCNA, proliferating cell nuclear antigen; TDSC, tendon derived stem cells; vWF, von Willebrand factor.
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Therapeutic Ultrasound

Therapeutic ultrasound (TUS) is the use of either continuous or pulsed mechanical
acoustic waves to induce regenerative and anti-inflammatory effects on tissues.
Low-intensity ultrasound has been used in veterinary rehabilitation to induce biological
effects on tissues, such as accelerating tissue healing, reducing swelling, improving
bone repair, reducing muscle spasm, improving tissue extensibility, and reducing
pain_87,128

There is little available in the literature in regard to the effect of TUS on PRP. In one
recent preclinical study, TUS and PRP were combined to treat stifle osteoarthritis in a
guinea pig model and concluded that the group treated with TUS and PRP had
improved joint lubrication as the friction coefficients reached near normal values
and showed no significant difference with the normal control group.'?® Another pre-
clinical study assessed the effect of TUS and PRP on peripheral nerve regeneration
in rabbits and found that the group treated with TUS and PRP had better early axonal
regeneration and displayed the earliest positive compound muscle action potential, a
significant increase in myelinated nerve fiber density and diameter and myelin sheath
thickness, and the best improvement of tissue stiffness and perfusion parameters on
diagnostic ultrasound.'° Unfortunately, no clinical studies have been performed eval-
uating TUS and PRP. Further study is necessary to elucidate the effect of TUS on PRP.

Multiple in vitro studies have assessed the effect of TUS on stem cells and demon-
strated that low intensity pulsed ultrasound (LIPUS) can increase osteogenic differen-
tiation, chondrogenic differentiation, and cell migration.28131-13° One recent review
concluded that TUS significantly increases the level of stem cell differentiation, mainly
in cells derived from bone marrow MSCs.'3' However, this review also discussed the
need for further studies to analyze the effect of TUS on cells derived from other sour-
ces, particularly adipose-derived MSCs."®' In addition, this review also cited a lack of
reporting on standard TUS parameters in the literature and the need for more exper-
iments comparing the protocols for standardization of TUS parameters to establish
the best protocol.’®" Future studies are needed to clarify these discrepancies, estab-
lish efficacy, and optimal treatment protocols.

Extracorporeal Shockwave Therapy

Extracorporeal shockwave therapy (ESWT) is high-intensity acoustic waves to deliver
mechanical forces to the tissue to reduce inflammatory reactions, enhance angiogen-
esis, suppress oxidative stress and apoptosis, and regulate stromal cell derived fac-
tor-1 (SDF-1).87-140:141 ESWT has been used in veterinary rehabilitation therapy to
treat both soft tissue injuries and osteoarthritis. #1748

Recently, there has been great interest in combining ESWT with regenerative med-
icine. One recent in vitro study demonstrated that ESWT increased growth factor con-
centrations in equine PRP.'*° Another experimental study in sheep with Achilles
tendon injury demonstrated that the group treated with PRP and radial pressure
wave therapy had increased neovascularization.'>® However, in this same study, the
group treated with adipose-derived stem cells and radial pressure wave therapy
had superior outcome with the highest number of thick collagen fibers and lower cellu-
larity."®° Unfortunately, few clinical studies evaluating ESWT and PRP have been
completed. Two randomized controlled clinical trials in humans did not show an addi-
tional benefit to combining PRP and ESWT for the management of knee osteoarthritis
or carpal tunnel syndrome.'5":152

Experimental studies have also assessed the effect of ESWT on stem cells
(Table 3). Multiple in vitro studies have demonstrated that ESWT increases rat,



Table 3

Relevant studies pertaining to the effects of ESWT on stem cells

Regenerative

Study Animal Medicine ESWT Treatment
Study Type  Model Product Used ESWT Treatment Protocol Frequency Conclusions
Alshiri In vitro Goat (bone BMSC 500 shocks, 0.4 mJ/mm? Once Significantly more proliferation
et al, 2020 healing) (twofold) and osteogenic
differentiation. No effect on cell
motility. Further investigation
for boney defects
Yin In vivo Rat (soft ADSC 120 impulses at 0.12 mJ/mm? at Three treatments,  Serum levels of myoglobin and
etal,’" 2018 tissue injury) 3h/24 h/72 h one at 3 h/24 CPK lowest in ESWT + ADSC,
h/72 h post-injury  Significantly more muscle
creation in ESWT + ADSC,
oxidative stress, inflammation,
fibrosis and apoptosis/DNA
damage were least in
ESWT + ADSC
Hsu In vivo Rat (stifle ADSC vs WIMSC 1 wk post-ACL transection and Once performed ESWT + ADSC had synergistic
et al,’>® 2020 osteoarthritis) meniscectomy; 800 impulses 30 min after effect for treatment of early
0.25 mJ/mm? SC injection knee OA
Rinella In vitro Human ADSC 1000 shocks, energy flux Once Combination improved

et al,’> 2018

(tendon healing)

density = 0.32 mJ/mm?; peak
positive pressure 90 Mpa

differentiation toward
tenoblast like cells:

ESWT + ADSC had improved
expression of tendon
transcription factors scleraxis
and eyes absent 2, and of the
ECM proteins fibronectin,
collagen I, and tenomodulin;
Cells had acquired elongated
and spindle shaped fibroblastic

(continued on next page)
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Table 3
(continued)
Regenerative
Study Animal Medicine ESWT Treatment
Study Type  Model Product Used ESWT Treatment Protocol Frequency Conclusions
morphology; Collagen fibers
present; combined treatment
induced the expression of alpha
2, alpha 6, and beta 1 integrin
subunits
Cheng In vivo Rat (stifle WJMSC 800 impulses 0.25 mJ/mm? Once; 30 min ESWT + WIMSC had significantly
et al,’®* 2019 osteoarthritis) after WIMSC improved early knee OA based
injection on pathologic findings, micro-
CT, and immunohistochemistry
stain: increased bone volume,
increased trabecular thickness,
reduced synovitis
Zhang In vitro Mouse NSC 500 impulses, 2 Hz Once ESWT + NSC significantly
et al,’™* 2017 improved proliferation and
differentiation
Zhang In vitro Rabbit (cartilage Human BMSC Radial shockwave, 1000 impulses, Once ESWT + MSC promoted
et al,’3 2018 healing) 5 Hz, 200 s proliferation and self-renewal
of MSCs in vitro and safely
accelerated the cartilage repair
process in vivo
Tan In vitro Human (cartilage Human BMSC  Number of shocks varied, energy  Once for at ESWT + MSC inhibits
et al, 2017 healing) flux density = 0.18 mJ/mm? least 10 min chondrogenic differentiation

[4%:]
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Suhr
et al,’®3 2013

In vitro Human 1000 shocks, 4 Hz, 0.2-0.3 mJ/mm? Once

ESWT significantly increased

hBMSCs' growth rate,
proliferation, migration, and
cell tracking and wound
healing, as well as to reduce the
rate of apoptosis activation. The
increase in hBMSC migration
behavior was found to be
mediated by active remodeling
of the actin cytoskeleton as
indicated by increased directed
stress fiber formations. hBMSCs
maintain their differentiation
potentials after ESWT. 0.2 mJ/
mm? was the most effective
application

Raabe
et al,’®® 2013

In vitro Equine 1000-2000 shocks

ESWT increased proliferation and

expression of Cx43, as detected
by means of gRT-PCR, histologic
staining, immunocytochemistry
and western blot. Cells
responded to ESWT by
significant activation
(phosphorylation) of ERK1/2,
detected in western blots. No
significant differences between
treatment groups.

(continued on next page)
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Table 3
(continued)

Regenerative
Study Animal Medicine ESWT Treatment
Study Type  Model Product Used ESWT Treatment Protocol Frequency Conclusions

Salcedo-Jimenez In vitro Equine Umbilical Cord 300 shocks, energy flux Once ESWT-treated cells had increased
et al,’>® 2020 Blood MSC density = 0.1 mJ/mm?, metabolic activity, showed
frequency of 3 Hz positive adipogenic, osteogenic,
and chondrogenic
differentiation, and showed
higher potential for
differentiation toward the
adipogenic and osteogenic cell
fates. ESWT-treated cells
showed similar
immunomodulatory properties
to none-ESWT-treated cells

Priglinger In vitro Human SVF 200 pulses, energy flux Once ESWT-enhanced cellular ATP and
et al,’*® 2017 density = 0.09 mJ/mm?, modified expression of single
frequency of 3 Hz mesenchymal and vascular
marker. SVF + ESWT had higher
IGF-1 and PLGF

Abbreviations: ACL, anterior cruciate ligament; ADSC, adipose derived stem cell; CPK, creatinine phosphokinase; ECM, extracellular matrix; ERK, extracellular
signal-regulated kinase; NSC, neural stem cell; OA, osteoarthritis; qRT-PCR, quantitative reverse transcription polymerase chain reaction; WJMSC, Wharton'’s Jelly
mesenchymal stem cell.
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human, and equine MSC proliferation, differentiation, and migration.'53-6% Specif-
ically, in vitro studies have shown that ESWT treated MSCs have shown positive
adipogenic, osteogenic, and chondrogenic differentiation and showed higher
potential for differentiation toward adipogenic and osteogenic cell fates.!59-163
Two recent experimental studies in rats with induced knee osteoarthritis
concluded that ESWT and stem cells had a synergistic effect and the rats treated
with either Wharton’s jelly MSCs or adipose-derived MSCs had significant
improvement based on pathologic findings, micro-CT, and immunohistochemistry
stain.’®* However, to date, clinical trials have not been performed in humans or
animals.

Although the initial reports in the literature are encouraging, significant additional
study is required to determine the preferred treatment protocol and efficacy of
ESWT and regenerative medicine to treat osteoarthritis and soft tissue injury.

REGENERATIVE MEDICINE AND MULTIMODAL REHABILITATION THERAPY

Often in veterinary rehabilitation therapy, a multimodal approach is used to holis-
tically treat the patient. The primary injury as well as compensatory or secondary
conditions are commonly addressed using multiple modalities or techniques. Un-
fortunately, there are limited studies in patients who have received regenerative
medicine and participated in multimodal rehabilitation therapy afterward.

In one recent study, dogs with supraspinatus tendinopathy were treated with
adipose-derived progenitor cell (ADPC) therapy and PRP (ADPC-PRP) combina-
tion therapy.®' Patients were then entered into a rehabilitation therapy program
that consisted of once weekly manual/massage therapy, Class lllb LLLT for the
affected shoulder (5 J/cm?) and a twice daily at home exercise program for the
first 8 weeks. In addition, at 8 weeks following treatment, patients were allowed
to start hydrotherapy with underwater treadmill. In this study, it was noted that
45.5% of patients had tried rehabilitation therapy before study admission and
found it to be unsuccessful.®’ At 90 days post-ADPC-PRP combination therapy
and rehabilitation therapy, there was a significant improvement in temporospatial
gait analysis and significant improvement in diagnostic musculoskeletal ultra-
sound findings.®’

In another retrospective study, 36 dogs with partial cranial cruciate ligament (CCL)
injury (<25%) were treated with stem cell and PRP combination therapy.®® Patients
were then entered into a rehabilitation therapy program that consisted of once weekly
manual/massage therapy, Class lllb LLLT for the affected stifle (5 J/cm2), and a twice
daily at home exercise program for the first 8 weeks. In addition, at 8 weeks following
treatment, patients were allowed to start hydrotherapy with underwater treadmill. At
90 days post-stem cell-PRP combination therapy and rehabilitation therapy, of the
13 dogs that had stifle arthroscopy findings available, nine were found to have a fully
intact CCL with marked neovascularization and a normal fiber pattern in all previous
regions of disruption healed.®® Of the 11 dogs that had temporospatial gait analysis
findings available, all 11 dogs had a significant improvement in total pressure index
percent at 90 days.%°

Neither of these retrospective studies had a control group, so it is very difficult to
determine what role the multimodal rehabilitation therapy plan played in patient
outcome. However, from these studies, it can be concluded that the multimodal reha-
bilitation therapy plan used in these studies seems to be safe. Additional study is
required to determine how rehabilitation therapy modalities affect one another, regen-
erative medicine therapies, and the patient.
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CLINICAL APPLICATIONS OF REHABILITATION THERAPY FOLLOWING REGENERATIVE
MEDICINE

Unfortunately, evidence-based protocols are far from having been established in the
veterinary literature. However, when approaching a patient treated with regenerative
medicine, the rehabilitation therapists should strive to do the following:

e Discussing appropriate home care, such as exercise restrictions and environ-
mental modifications

e Addressing pain management as needed with the assistance of the overseeing
veterinarian

e Objectively assessing the patient’s progress over the course of the rehabilitation
therapy program

e Communicating with the overseeing veterinarian to express concerns regarding
the patient

e Educating the client on the patient’s condition, rehabilitation therapy plan, med-
ical recommendations, and patient progress

In addition, from the initial studies, the rehabilitation therapist should feel comfort-
able administering the following therapies for the first 4 to 8 weeks after regenerative
medicine:

e Gentle PROM and stretching within the patient’s comfort
e |sometric exercise program within the patient’s comfort and ability
e Manual/massage therapy for all areas of compensatory tension or discomfort

Given the lack of literature available regarding various rehabilitation modalities,
rehabilitation modalities should be used cautiously at the site of treatment. Although
Class lllb LLLT (average radiant power <500 mW) seems to be safe at the site of injury,
optimal dosing parameters and efficacy have not been established. The evidence for
TUS is encouraging but limited, so it is not commonly reached for clinically following
regenerative medicine. Although the initial in vitro studies regarding ESWT and regen-
erative medicine are positive, there are limited in vivo studies. Ultimately, additional
studies in the species of interest are needed to establish the effects of rehabilitation
modalities on regenerative medicine and to establish evidence-based protocols.

VETERINARY REGENERATIVE REHABILITATION: CHALLENGES AND FUTURE
DIRECTIONS

Further research is needed to elucidate the effect of rehabilitation therapy on regener-
ative medicine therapies. Although in vitro studies are essential for understanding mo-
lecular and cellular responses to biophysical signals, the application of these studies
to clinical treatments is limited in that these studies do not account for functional
communication and interactions between neighboring tissues and cell systems or
the patient as a whole. Likewise, pathologic conditions often alter mechanotransduc-
tive cascades and cell mechanics, which are sometimes challenging to recreate in an
in vitro study. Experimental in vivo studies attempt to recreate a pathologic state but
still fail to recreate a true clinical scenario of tissue injury or impaired mobility. In spite
of these limitations, in vitro and experimental in vivo studies are still of great value and
foundational preclinical studies. These experimental studies provide a starting point
for randomized controlled clinical trials in the species of interest that assess objective
outcome measures, which are required to establish evidence-based protocols.

In addition, in the literature, there is a significant lack of description of the regen-
erative medicine products and the rehabilitation protocols used. Few studies
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provide a complete description of the regenerative medicine product used in the
study, such as product constituents, source, cell number, route of administration,
timing of administration after surgery/injury and in relation to rehabilitation, and so
forth. Likewise, there is often insufficient description of the key parameters of the
rehabilitation protocol, such as timing after surgery/injury, frequency, intensity,
dose, duration, and so forth. All of these characteristics and parameters can
play a significant role in patient outcome. It is imperative that future studies stan-
dardize nomenclature and thoroughly clarify products and protocols being used.
This is of the utmost importance if evidence-based protocols are to be
established.

In summary, regenerative medicine is certain to become standard of care as
additional studies become available further elucidating its use and efficacy. Addi-
tional study is required to fully clarify the role of rehabilitation therapy in patients
who have received regenerative medicine. In the emergence of this field of study,
regenerative rehabilitation represents the interface of two disciplines serving the
same goal to accelerate tissue restoration after injury and disease. This new fron-
tier of research is needed to further define how regenerative medicine and rehabil-
itation interact to optimize and enhance tissue healing and patient outcome.

CLINICS CARE POINTS

The rehabilitation therapist should have a comprehensive understanding of the pattern
musculoskeletal tissues follow during healing and how this relates to the patient who has
received regenerative medicine therapy.

The rehabilitation therapist should use both subjective and objective outcome measures to
assess the patient and monitor their progress and adjust the program as needed.

Initial studies suggest that gentle passive range of motion and stretching within the patient’s
comfort and isometric exercises may be safe and beneficial for patients treated with
regenerative medicine therapy.>17:89-100

Initial studies have shown that Class lllb low-level laser therapy (LLLT) can be safely applied to
platelet-rich plasma and mesenchymal stem cells; however, optimal LLLT protocols and
clinical efficacy have not been established.'0*27

Additional study is required to fully define optional rehabilitation therapy protocols after
regenerative medicine therapy in the canine, and it is imperative that future studies
standardize nomenclature and thoroughly clarify products and protocols being used so that
specific evidence-based protocols can be developed.
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