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Abstract In recent times, the field of tissue engineering and regenerative medi-
cine (TERM) has considerably increased the extent of therapeutic strategies for
clinical application in orthopedics. However, TERM approaches have its rules and
requirements, in the respect of the biologic response of each tissue and bioactive
agents which need to be considered, respected, and subject of ongoing studies.
Different medical devices/products have been prematurely available on the market
and used in clinics with limited success. However, other therapeutics, when used in
a serious and evidence-based approach, have achieved considerable success, con-
sidering the respect for solid expectations from doctors and patients (when prop-
erly informed).
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Orthobiologics has appeared as a recent technological trend in orthopedics. This
includes the improvement or regeneration of different musculoskeletal tissues by
means of using biomaterials (e.g., hyaluronic acid), stem cells, and growth factors
(e.g., platelet-rich plasma). The potential symbiotic relationship between biologic
therapies and surgery makes these strategies suitable to be used in one single
intervention.

However, herein, the recent clinical studies using hyaluronic acid (HA) in the
treatment of orthopedic conditions will mainly be overviewed (e.g., osteochondral
lesions, tendinopathies). The possibilities to combine different orthobiologic agents
as TERM clinical strategies for treatment of orthopedic problems will also be briefly
discussed.
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Fact Box 1 — What Is Hyaluronic Acid

Hyaluronic acid (HA) is a high molecular weight biopolysaccharide, dis-
covered in 1934.

HA is a naturally occurring biopolymer, found in most connective tissues,
and is particularly concentrated in synovial fluid, the vitreous fluid of the
eye, umbilical cords, and chicken combs.

It is a high viscoelastic fluid capable to reproduce and repair the rheologi-
cal proprieties of the synovial fluid.

Besides its rheological proprieties, it acts as a shock absorber and as a
lubricant and has anti-angiogenic, anti-inflammatory, and analgesic
properties as well as immunosuppressive capacities.

As a hydrogel or tridimensional scaffold, it can be used as protein or cell
carrier.

Fact Box 2 — Clinical Experience with Hyaluronic Acid in Orthopedics

Hyaluronic acid (HA) has been used mostly in the treatment of cartilage
and osteoarthritis.

It has been used in several joints (knee, ankle, shoulder, hip, first carpo-
metacarpal, etc.).

It has shown transient benefits in pain relief and improved range of motion
(minimum 6 months).

It has rare adverse effects (mainly self-limited pain and swelling (sponta-
neously solved within 48 h)).

It has shown promising results in the treatment of tendinopathies including
enthesopathies.

Intra-tendon injections might have deleterious effects.
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Fact Box 3 — Hyaluronic Acid and Tissue Engineering and Regenerative
Medicine

» Tissue engineering and regenerative medicine (TERM) aims for more
advanced approaches of tissue regeneration and disease control (combin-
ing scaffolds, cells, growth factors, prolotherapy, nanotechnology, bioreac-
tors, gene therapy, etc.).

* Advanced TERM approaches using hyaluronic acid (HA) have been tested
including combination of HA with growth factors, cells, nanotechnology,
and advanced scaffolds.

e Dealing with cartilage (including hyaline or fibrocartilage) and tendon
regeneration represents two of the most challenging tissues in the field of
clinical orthopedics, and the road for the future for sure will comprise
advanced TERM approach.

* The achieved knowledge from the clinical experience with HA must be
used as a launching platform for future basic science studies. Furthermore,
higher-quality clinical studies are required for more accurate conclusions.

6.1 Introduction

The treatment of osteochondral (OC) defects and/or osteoarthritis in different joints
remains a challenge, and the quest for the optimal conservative treatment continues.
This represents an important socioeconomic burden given the high prevalence of
these diseases and possibilities to cause functional impairment. In epidemiology,
half of the world’s population aged 65 years or older has osteoarthritis (OA), which
is the most prevalent disorder of articulating joints in humans [1]. The estimated
social cost of OA might range between 0.25% and 0.50% of a country’s gross
domestic product [2]. Degeneration related to the aging process, trauma-related
injuries, and degenerative or idiopathic disorders can lead to OC lesions [3]. A
distinction should be made between the chondral lesion in which the damage occurs
on chondrocytes and articular cartilage extracellular matrix (ECM) opposing to OC
defects in which, besides cartilage damage, the subchondral bone tissue is also
affected [4]. The hyaline cartilage layer has highly flexible and supportive
characteristics. The unique features of the cartilage tissue limit its regenerative
capacity due to the lack of vascularization and innervation [5]. Similarly, cartilage
has very limited remodeling possibilities given the low number of cells and low
metabolic activity of chondrocytes (mainly the mature ones) which produces less
extracellular matrix (ECM) [6, 7].

Damage to articular cartilage preceded by joint trauma is a major risk factor
leading to progression of OA [8]. However, OA has a higher incidence in aged
people and it is strongly correlated with natural aging process [9]. The huge
variability of the OA tissues between individuals is proven to be one of the most
important factors affecting the understanding of the disease and the variability in
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response to therapeutics. The current treatments are based on the adaptation of
lifestyle and on the use of anti-inflammatory and painkiller drugs or clinically
solved with the substitution by an artificial implant.

Another very important field within orthopedics is related to tendinopathies within
its many presentation forms which affect a high number of patients [10, 11]. Tendon
is also a tissue with low mitotic activity and with limited self-repair capacity [12].

Currently, there has been growing popularity of non-operative therapies, which
are able to induce the body’s self-repair and recovery from injuries or simply
improve the symptoms without relevant secondary effects. These therapies include
hyaluronic acid injections which are included in a new therapeutic field named
orthobiologics [13]. Despite hyaluronic acid, orthobiologics also enrolls the clinical
use of growth factors (e.g., platelet-rich plasma, bone morphogenetic proteins) or
mesenchymal stem cells [14-21].

Viscosupplementation, which concerns to hyaluronic acid injections, was the
first generation of orthobiologics. The treatment was firstly done in 1997 to relieve
patients from pain symptoms of OA [1]. The outcome was satisfactory, and when
compared to oral drug administration (NSAID), viscosupplementation was able to
diminish patient’s pain.

Herein only the clinical use and potential future applications of hyaluronic acid
will be presented. Most studies related to orthobiologics have several methodologi-
cal limitations. Despite the growing evidence supporting some therapeutic strate-
gies, more high-level studies with uniform outcome measures are required in order
to assess the present and prepare the future.

6.2 What Is Hyaluronic Acid?

Hyaluronic acid (HA) injection (Fig. 6.1) at the injury site has been used as a con-
servative method to treat OC lesions, osteoarthritis, and tendinopathies [1, 14, 16,
22-28]. In brief, HA is a high molecular weight biopolysaccharide, discovered in

Fig. 6.1 Commercial formulation of hyaluronic acid injection ready for clinical use under strict
aseptic conditions



6 Hyaluronic Acid 143

1934, by Karl Meyer and John Palmer in the vitreous of bovine eyes [29]. HA is a
naturally occurring biopolymer, which has important biological functions in bacte-
ria and higher animals including humans. It is found in most connective tissues and
is particularly concentrated in synovial fluid, the vitreous fluid of the eye, umbilical
cords, and chicken combs [29]. It is naturally synthesized by a class of integral
membrane proteins called hyaluronan synthases and degraded by a family of
enzymes called hyaluronidases. The first medical HA application in humans was in
the vitreous substitution/replacement during eye surgery, in the late 1950s [22, 29].
Viscosupplementation (VS) came into clinical use in Japan and Italy in 1987 and in
Canada in 1992 but was adopted in Europe and the USA in the second half of the
1990s [29].

VS can be described as the intra-articular administration of a high viscoelastic
fluid into the synovial joint to reproduce and repair the rheological proprieties of the
synovial fluid. VS can enhance the vital joint lubrication and shock absorption
ability, essential functions for mobility improvements, and pain relief. All market
available products for VS are based on hyaluronic acid (HA), a high molecular
weight (105-107 Da) and unbranched glycosaminoglycan that can be found in the
extracellular matrix of human tissue.

Despite HA being described as safe and effective, several of its functions within the
body remain unknown [30, 31]. HA has shown chondroprotective effects in vivo and
in vitro [29]. Combined with its rheological proprieties, this helps to explain the ben-
eficial long-term effects on articular cartilage. HA also reduces pain-associated nerve
impulses and sensitivity. HA is a free, non-sulfated, and negatively charged glycos-
aminoglycan (GAG) capable of interacting with receptors and ECM proteins [32].

HA can be derived from different sources such as rooster combs, bacterial pro-
duction, or either animal or human sources [33]. Its properties (e.g., rheological
properties) depend on its source. Nevertheless, HA solutions always present high
viscosity. It is a water-soluble polymer and has specific enzymatic degradation.
There are two forms of HA, based in the chain length: low and high molecular
weight (<2 x 10° Da and 2 x 10° — >4 x 10° Da, respectively). Structural and
biological functions of HA vary among these different presentations as suggested
by Stern et al. [34, 35]. The interactions between tissues and HA occur through
hyaladherins. Functions such as cell communication, motility, and morphogenesis
occur due to interactions between hyaladherins and tissue receptors, mainly CD44
and RHAMM at the cell surface [29]. The hyaluronic acid high molecular weight
(HMWHA) molecule plays a structural role by being able to bind 10 to 10,000 time
its weight in water [34, 36, 37]. Thus, osmotically active in a completely hydrated
state, it is able to fill the space acting as a shock absorber and also as a lubricant.
From a biological point of view, the HMW chains are anti-angiogenic and anti-
inflammatory and possess immunosuppressive capacities [38, 39]. Wide ranges of
studies have reported a decrease in the inflammatory response and apoptosis through
the downregulation of many factors responsible for ECM. These results suggest that
HMWHA impairs the phenomena of phagocytosis, macrophage activation, and
inflammatory cytokines production. This can also explain its possible beneficial
effects in tendinopathies.
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However, HMWHA chains can break down into low molecular weight chains
(LMWHA), which are found to have a pro-inflammatory effect [26]. These frag-
ments have been shown to secrete inflammatory cytokines and stimulate angiogene-
sis and tissue remodeling after activation of endogenous signaling pathways. They
can promote the activation and maturation of dendritic cells and release of pro-
inflammatory cytokines [35, 39, 40]. Molecular changes in the ECM of damaged
joints alter the composition and structure of natural HA. Along with molecule secre-
tion and tissue remodeling, the development of pathologies also occurs [34]. So, a lot
remains to understand in order to improve efficacy of this therapeutic agent.

6.3 Most Frequent Isolated Injection Therapy in Different
Joints and Tendons

HA injection, also known as viscosupplementation (VS), constitutes a conservative
treatment to improve the biomechanical function of the joint and/or tendons mainly
due to HA physicochemical characteristics (i.e., hydrogel state) [41, 42]. HA is a
gel-like constituent injected in the joint or tendon sheath [1, 43]. In some cases, to
ensure safety or effectiveness of HA delivery, its application can be guided by ultra-
sound or X-ray fluoroscopy [44]. It is thought that HA acts as lubricant displaying
a cushion effect. However, the biological mechanism behind this role in cartilage/
tendon repair still remains a debate in medical community [45].

6.3.1 Intra-Articular Application

Positive effects of HA intra-articular injections have been reported in the conserva-
tive treatment of symptomatic osteoarthritis [46, 47]. It can be used as alternative to
surgical approach mainly in the early phases of osteoarthritis or in patients without
medical conditions to undergo more aggressive surgical treatment (e.g., replace-
ment arthroplasty) [1, 27, 31, 48-51]. Viscosupplementation can be performed as
augmentation after surgical intervention to treat osteochondral lesions [52]. The
Food and Drug Administration (FDA) regulates the use of HA for intra-articular
injection. Several forms of HA have received FDA approval for clinical use [53],
despite the biological mechanism of HA is not fully explained as well as the differ-
ences between the several HA presentations. There is still debate and controversy in
literature concerning the best approach for each joint and grade of disease [54].

HA has a half-life of less than 24 h after intra-articular injection [29]. Short half-
life, due to the rapid breakdown and reabsorption of HA, might represent a limitation
in the intra-articular injections. For this reason, sustained-release approaches are
under development. It has been already suggested in clinical trials that combination
of treatments is shown to be more effective than HA alone [55-60].

The highest clinical experience available is related to knee (Fig. 6.2) and ankle
(Fig. 6.3) use of HA [1, 31]. Protocols range from one single shot treatment to
treatments requiring three to five injections, depending on the formulation of HA



6 Hyaluronic Acid 145

-

Fig. 6.2 A schematic representation of the knee injection of hyaluronic acid. (A) Model where the
patella is visible (yellow arrow) which must be relaxed; the needle should be introduced in the
lateral suprapatellar pouch (red arrow) on an oblique orientation toward the joint. Usually, an
experienced operator is capable to sense the exact moment when he trespasses the joint capsule
with the needle. After this, the gel can be introduced safely. (B) Clinical representation where the
patella (yellow arrow) and the suprapatellar pouch (red arrow) are visible. The operator slightly
moves the patella laterally to relax the suprapatellar pouch

Fig. 6.3 A schematic representation of ankle injection of hyaluronic acid (A). The anterior tibial
tendon (ATT) is visible (yellow arrow). The injection is given with the ankle in dorsiflexion, which
dislocates the ATT centrally, in the soft spot where you can feel the joint line (blue circle). Again,
an experienced operator is capable to sense the exact moment when he trespasses the joint capsule
with the needle. After this, the gel can be introduced safely. (B) Clinical representation of the ankle
injection. Yellow arrow represents the ATT, red line represents the joint line, and the little finger
palpates the tip of the medial malleolus (usually the joint line will be 1.5-2 cm above)
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and the condition of the patient [26]. The possible adverse reactions are rare (1-2%
of cases) and consist usually in transient pain and/or swelling, which usually resolve
spontaneously in 48 h [26]. No serious adverse effects have been reported.

A recent meta-analysis of all high-quality previously published meta-analysis on
the subject of HA use in the knee joint by Xing et al. showed that HA provided a
moderate but real benefit for patients with knee OA [1]. This study, a systematic
review of overlapping meta-analyses, that investigated efficacy and safety of HA, in
treating knee OA, concluded that currently, the best evidence suggested that HA is
an effective intervention in treating knee OA without increased risk of adverse
events. It concluded that US-approved HA is safe and efficacious through an aver-
age of 26 weeks in treating symptomatic knee OA.

Therefore, the evidence supports the use of the HA in the treating knee
OA. Further studies with effect size statistic are still required to qualify the clinical
efficacy [1].

Concerning the ankle, a recent Cochrane review by Witteveen et al. identified six
randomized controlled studies on the topic and concluded that it remains unclear
which patients (age, grade of ankle OA) benefit the most from HA injections and
which dosage schedule should be used [31]. Considering the best available evidence,
HA can be conditionally recommended if patients have an inadequate response to
simple analgesics. Moreover, the authors highlight the study limitations due to
methodological issues of the published studies [31]. Some authors highlight the dif-
ference in congruency when comparing the ankle (congruent) joint to the knee
(incongruent) joint [4]. If that would be the case, theoretically, the rheological prop-
erties of HA should be more prone to work on the ankle when compared to the knee.

More recently, several studies have stated the benefits of HA application in the
shoulder. The shoulder is the most “unstable” joint of the body given its wide range
of motion (including circumferential motion). On a recent study enrolling 41
patients suffering from chronic shoulder pain with limitation of motion due to
glenohumeral joint OA, the authors concluded that HA may be a safe and effective
treatment option for pain and stiffness and that the effects of the injections are still
present for up to 6 months after the treatment [51]. However, a systematic review on
the topic failed to provide definitive indications once more for methodological
limitations of available literature [61]. However, HA was shown to provide consecu-
tively better outcomes when compared to placebo.

Hip OA has also been approached, either in severe cases or in young patients (in
which there is advantage to delay arthroplasty replacement) [27, 44, 49]. In the hip,
several authors advise for the benefits of ultrasound-assisted injection (Fig. 6.4)
(particularly in more severe OA which makes it technically much more difficult to
do blindly) [44]. The preliminary results have been positive in diminishing pain and
improving mobility for a minimum period of 6 months.

HA has also been tried in smaller joints like the first carpometacarpal joint of the
thumb [50]. From a recent meta-analysis, it seems that the most symptomatic
patients are the most prone for improvement and, when compared to corticosteroid,
the positive results stand for a longer period [62].
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Fig. 6.4 A schematic representation of injection of hyaluronic acid in the hip joint (blue line) (A).
(B) Clinical representation of hip joint injection assisted by ultrasound (red arrow), with progres-
sive introduction of the needle (yellow arrow)

6.3.2 Clinical Use in Tendinopathies

Tendinopathies, in its many presentations, represent a current challenge in orthope-
dics, and in many cases, surgical options provide poor outcome [10, 11, 63]. As
aforementioned, the tendon has reduced self-repair capacity, poor vascularity, and
low mitotic activity [12, 63].

Promising results have been achieved in the rotator cuff with HA injection treat-
ment. A multicenter, randomized, controlled trial assessing peritendinous HA out-
come in patients with supraspinatus tendinopathy reported improved outcome and
faster rehabilitation with lower number of physiotherapy sessions [25]. Also in
non-calcific rotator cuff tendinopathies, when comparing HA to extracorporeal
shockwaves therapy (ESWT), injections of HA provided faster clinical improve-
ment compared to ESWT, which might result in more gradual improvement over
time [64].

Some promising results have also been achieved in a preliminary study on enthe-
sopathies (lateral epicondylitis, patellar tendinopathy, insertional Achilles tendi-
nopathy, and plantar fasciitis) [65]. However, further research is required.

Concerning the Achilles tendon, a recent randomized study comparing peritendi-
nous HA injections with standard ESWT has shown better outcome with HA [43].
However, one anima-based study suggests that intra-tendon HA injection might
have deleterious effect and should be avoided [66]. Once more, more evidence is
required.
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6.4 Can Hyaluronic Acid Be Combined with Other
Orthobiologic Therapies?

Not only basic science research but also some preliminary clinical data suggest that
HA can be combined with other orthobiologics (growth factors, cells, biomaterials,
hydrogels/scaffolds) but further suggest that there might be several advantages in
doing it [67-69]. However, doing it properly and adequately, the rules of TERM
must be followed which promise to change the paradigm of medicine and will, most
likely, take years of intense work.

Moreover, HA can also be used as augmentation of a surgical procedure as
proposed by Doral et al. combining microfractures and HA in the treatment of
OC defects [56]. Other authors used MSCs and HA aiming to improve surgical
results of OC lesions [55, 57, 60]. Synergistic anabolic actions of HA and PRP
have been demonstrated [70, 71]. Similarly, a biocompatible carrier-forming
HA-based microgel (PInD1-HA) in order to preserve BMP2 activities has also
been tested in vitro [72] and in vivo [73]. Collagen-low molecular weight hyal-
uronic acid semi-interpenetrating network loaded with gelatin microspheres for
cell and growth factor delivery for nucleus pulposus regeneration has also been
proposed [74].

6.5 Future Perspectives

HA can be used in isolation, taking advantage of its inherent properties. However,
the road for the future will include, from one side, optimization of HA itself (better
understanding of adequate formulation, dosage, number of treatments according to
the pathology, and the patients’ profile). But from another much more ambitious
perspective, what we have learnt from this biopolysaccharide and its possibilities
and clinical results should be used to develop advanced TERM strategies combining
growth factors, cells, scaffolds, bioreactors, nanotechnology, etc. aiming for the
ultimate full repair of the tissues and control of injuries/diseases. Some initial steps
have been given but a long road needs to be traveled with this goal.

6.6 Final Remarks

Hyaluronic acid is a safe alternative for conservative treatment of several orthopedic
conditions.

Intra-articular joint injections (with or without image-assisted application) have
proven to be a safe procedure. Rare and mostly self-limited adverse reactions have
been reported (mainly transitory pain and swelling).
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It has shown fair midterm results in symptomatic control of osteoarthritis in dif-
ferent joints and in different grades of the disease. The highest clinical experience
reported comes from the knee and ankle joint.

Promising results have been achieved in the treatment of tendinopathies with
peri-tendon injections. Some authors advise for possible deleterious effects from
intra-tendon injections.

More high-quality studies are required before further clinical conclusions at this
point.

In the future, TERM approaches promise to improve current results, mainly by
combining several factors with advanced strategies, specifically designed for each
clinical condition.
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