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Abstract

Introduction. There are many intra-articular hyaluronic acid (IA-HA) products on the market that have known intrinsic
differences in molecular size, source, and structure. The current review summarizes existing evidence describing and
assessing these differences, while also identifying whether these differences have an impact on clinical outcomes. Methods.
This systematic review summarized all literature that specifically addresses |IA-HA product differences. Included studies
summarized basic science and mechanism of action comparisons of IA-HA product differences, or systematic reviews that
assess differences in clinical outcomes between IA-HA product differences. Results. A total of 20 investigations assessed
basic science differences between IA-HA products, while 20 investigations provided assessments of the clinical outcome
differences between IA-HA product characteristics. The published basic science literature provided a differentiation
between low molecular weight (LMW) and high molecular weight (HMW) HA with regard to changes within the synovial
fluid, driven by the interactions that these molecules have with receptors in the joint space. These differences in receptor
interaction manifest within clinical outcomes, as meta-analyses comparing pain relief after |A-HA suggest that pain reduction
is superior in patients who receive HMW HA as opposed to LMW HA. Conclusion. This review highlights differences
between IA-HA characteristics, and how important the molecular weight, derivation of the product, and structure are
to variances in reported clinical outcomes to treat osteoarthritis (OA) of the knee. HMW IA-HAs have shown greater
efficacy compared to the alternative of LMW products, while avian-derived and cross-linked products have potentially
demonstrated an increase in inflammatory events over non-avian-derived, non-cross-linked HAs.
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Introduction The large impact of knee OA has resulted in a multitude
of non-operative treatment options that aim to manage the

Hyaluronic acid (HA) is 2 main component of the synovial symptoms of this disease.** Due to the direct association

fluid that provides viscosity and elasticity within the joint
space. Endogenous HA has rheological properties that allow
it to withstand long-term loading while recovering to its
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original state after the loading force is removed.' The pro-
gression of knee osteoarthritis (OA) is a result of the reduc-
tion of HA molecular weight (MW) distribution, average
MW, and concentration of HA within the synovial fluid.!
This degradation of the synovial fluid results in joint pain,
disability, and increased wear on the articulating cartilage
of the knee joint.? The disability caused by knee OA creates
a significant socioeconomic burden by decreasing patient
quality of life, causing loss of workability, and further pro-
gression of disease that requires surgical management.?
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between HA degradation and knee OA progression, a com-
mon treatment option in both clinical practice and the scien-
tific literature is the use of intra-articular injection of HA
(IA-HA). IA-HA treatment aims to replenish the synovial
joint space with exogenous HA in order to counteract the
reduction of HA concentration and distribution that
occurs as a result of knee OA disease progression.? The
use of IA-HA as a treatment for knee OA has demon-
strated significant reductions in the symptoms caused by
knee OA, as well as a beneficial impact on the time before
a patient requires a total knee arthroplasty (TKA).*7 As a
result of the beneficial clinical outcomes of IA-HA, recent
guidelines conditionally recommend the use of this ther-
apy in knee OA patients who have not observed a thera-
peutic response to conservative treatment options, such as
non-steroidal anti-inflammatory drugs (NSAIDs).?

The HA primary receptor is CD44, while it also interacts
with RHAMM, LYVE-1, ICAM-1, and TLRs.>° HA-CD44
binding has numerous downstream effects that aim to regu-
late chondroprotective, anti-inflammatory, subchondral, and
proteoglycan synthesis.> HA-CD44 binding reduces inter-
leukin (IL)-1B expression within the joint, which decreases
matrix metalloproteinase (MMP) development. The effect of
this MMP reduction results in less catabolism of cartilage
within the knee joint. IA-HA receptor binding also enhances
proteoglycan and glycosaminoglycan synthesis within the
knee joint, providing protection of the cartilage through pro-
liferation of intrinsic HA development.>!° Prior publications
have provided a comprehensive overview of the signaling
pathways and evidence of HA’s mechanism of action,>!!-!2
yet a link between this mechanism of action and the clinical
outcomes of IA-HA is complicated by numerous intrinsic
differences between IA-HA products.!'!

Although the beneficial effects of IA-HA have been
well documented, evidence has demonstrated that not all
IA-HA products elicit the same response. There are a num-
ber of important differences in the size, source, and struc-
ture of IA-HA products that have implications on their
treatment effects.!" These key differences in IA-HA prod-
ucts include the MW, the presence of cross-linking (CL),
and the HA source used to create the IA-HA product.':®!!
IA-HA products are produced at a wide range of MW, with
recent investigations generally separating products into
categories of HMW and LMW (LMW).*° The process of
CL modifies the natural straight-chain structure of the mol-
ecule, creating an entangled HA molecule.!! IA-HA prod-
ucts are manufactured using 1 of 2 processes—using an
avian HA source or creating HA through biological fer-
mentation.!" Despite these differences, guideline develop-
ers, formularies, payers, and healthcare professionals
continue to assess [A-HA as a class.

The clinical effectiveness of patient-reported outcomes
(PROs) is commonly assessed in relation to the minimal
clinically important difference (MCID). The MCID is a

benchmark for the smallest change in a clinical outcome
that would be perceived as beneficial (or harmful) by a
patient.!3!* There are many investigations that have deter-
mined the MCID for various PROs, including outcomes for
patients with knee OA.'* Understanding the clinical effects
of treatments in relation to the MCID is important to better
understand if a treatment provides an effect that is not only
statistically significant but would actually be important to
the patient.'>'* A recent investigation of knee OA inject-
ables determined that HMW HA, but not LMW HA, sur-
passed the MCID for pain in knee OA patients.* This
provides an important message—that the differences in
size, structure, and source of IA-HA directly contribute to
clinically important differences between IA-HA products.
In order to better understand these IA-HA intrinsic prod-
uct differences and their impacts on clinical outcomes, this
study provides a thorough assessment of the literature on
these product differences. The current review aimed to sum-
marize all available basic science and mechanism of action
evidence assessing the differences that result due to IA-HA
product differences, as well as all published evidence syn-
thesis investigations that assessed the efficacy and safety
differences caused by these product differences.

Methods

This study conducted a systematic literature review of all
evidence that specifically addressed the 3 aforementioned
IA-HA product differences. This project followed the
PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) guidelines for systematic
reviews, as well as the guidance from the Cochrane hand-
book for systematic reviews.

Eligibility Criteria

Included studies summarized basic science and mechanism
of action comparisons of IA-HA product differences, or
systematic reviews that assess differences in clinical out-
comes between IA-HA product differences. Studies were
excluded if they did not specifically assess intrinsic differ-
ences between IA-HA products in a basic science/mecha-
nism of action investigation, or if they were a primary
investigation of product differences in clinical outcomes.
Only evidence synthesis investigations on product differ-
ences were included.

Information Sources and Search Strategy

Relevant literature was retrieved through a systematic
search of the Medline, Embase, and Web of Science data-
bases. The search strategy is included in Supplemental
Appendix A, which was conducted from database inception
to December 10, 2020.
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1437 references were
retrieved from the search

v

394 duplicates removed

1043 references screened at
title and abstract

» 664 studies excluded

A4

379 references screened at
full text

339 studies excluded

\ 4

,
40 Studies Included

20 Primary basic
science/mechanism of action
studies

20 Systematic Reviews

Figure |. Article screening process.

Study Selection

Two independent reviewers assessed the retrieved studies
for eligibility in duplicate. Articles were assessed in 2
phases: the title/abstract phase as well as the full-text phase.
Any discrepancies were resolved through a consensus meet-
ing. Article screening was conducted using Covidence soft-
ware (Covidence.org, Melbourne, Australia).

Data Collection Process

All included studies were summarized within a standard-
ized data extraction form. All basic science/mechanism of
action study results were summarized within the context of
MW, CL, and HA source assessments, while conclusions on
clinical outcomes for these product differences were cap-
tured and summarized from all included reviews.

Results

Study Selection

The literature search retrieved 1,437 articles. After eligibil-
ity review, 379 articles were assessed at the full-text stage.
Of these, a total of 20 basic science investigations assessed
differences between HA products,'®!>-33 while 20 system-
atic reviews provided assessments of HA product differ-
ences.>+0:%1L12.3447 Rigure 1 provides an overview of the
study screening process. The results of this investigation
have summarized the literature pertaining to HA character-
istics that differ across available products.
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Figure 2. Histogram of IA-HA (intra-articular hyaluronic acid)
product difference publications per year.

Overview of Studies

The most researched product difference was MW (30 stud-
ies), while CL (9 studies) and HA source (6 studies) investi-
gations were less common and more recent topics of
investigation. The concept of IA-HA product differences is a
new field of investigation, as 24 (60.0%) of the included
studies were published within the last 10 years. Figure 2
shows the yearly trend in publications on IA-HA product dif-
ferences. The remainder of the results summarize the main
findings of the available literature on MW, CL, and manufac-
turing process differences between IA-HA products.

Molecular Weight

MW basic science evidence. The published basic science lit-
erature provided a differentiation between LMW and HMW
HA with regard to changes within the synovial fluid, driven
by the interactions that these molecules have with receptors
in the joint space.!! Chondroprotective effects have been
demonstrated to be MW dependent, with protection of the
articular cartilage and chondroregulatory processes benefit-
ing from HMW HA 20262930 HA molecules interact with
RHAMM, LYVE-1, ICAM-1, and TLR receptors, but have
a strong affinity for the CD44 receptor. The primary inter-
action with CD44 receptors elicits the biological mecha-
nisms of action within the synovial fluid, and HMW HA has
demonstrated greater affinity to this receptor.?!> This recep-
tor binding is responsible for numerous downstream effects
that combat the symptoms of knee OA.2 These downstream
effects are primarily driven by the reduction of IL-1B and
MMPs, while other ILs, such as IL-6 and IL-8, and inflam-
matory mediators, PGE2 and TNFa, can be suppressed
through HA-CD44 binding.? The reduction in key media-
tors, such as IL-1B and MMP, from HA-CD44 binding has
been shown to be directly correlated with MW; with HMW
HA providing a stronger response. This HA-CD44 MW-
dependent affinity has also shown direct implications in the
endogenous HA production and cytokine regulation that
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occurs within the synovium, as LMW HA showed minimal
to no stimulation of endogenous HA production, while
HMW HA stimulated HA synthesis in a concentration-
dependent manner.'?

The HA-CD44 binding also provides an anti-inflammatory
response within the joint space through its reduction in
IL-1B, MMP, IL-6, IL-8, PGE2, and TNFa expression.’
HMW HA products have been shown to decrease the pro-
inflammatory environment within the synovial fluid to a
greater extent than their LMW HA counterparts, as the
reductions of these inflammatory mediators appear to be
MW-dependent.>'>!¢ Binding to HMW HA decreases acti-
vation of the CD44 receptor and can lead to inactivation of
the inflammatory TLR cascade, causing a reduction of cyto-
kine gene expression, whereas LMW HA can lead to a pro-
inflammatory response and greater cytokine expression that
contribute to symptoms of knee OA.'> The inflammatory
cascade and presence of inflammatory mediators from
smaller HA fragments also increase the inflammatory activ-
ity of macrophages within the joint. As larger, HMW HA
molecules span across many CD44 receptors, the TLR2 and
TLR4 inflammatory cascade is inactivated, while the
smaller LMW HA molecules binding to a smaller number
of CD44 receptors can create the opposite effect.>!?

The rheologic properties of HMW HA are also more con-
sistent with those of healthy human HA when compared to
LMW HA, which better mimics the lubricating environment
of the healthy knee joint.?® The properties that are correlated
with the MW of HA include a higher viscosity, a zero sheer
rate viscosity, and a characteristic crossover freque
ncy.'?21232428 . MW HA products have been shown to have
similar rheological properties as saline, while HMW HA
(non-CL) provides a more robust shear thinning and rapid
relaxation time—meaning these products are able to quickly
return to their original state after forces from movements
like walking are exerted on the molecules."?® The greater
elastoviscosity of HMW HA products has also been shown
to better protect pain-eliciting nerve endings directly.'®

The available basic science evidence on the differences
between HMW and LMW HA suggest that the synovial
fluid changes caused by HA are not the same for HA prod-
ucts of different MW.226.29-30 While HA has an affinity to
important inflammatory and chondroprotective mediators,
HMW HA molecules appear to provide important and cas-
cading effects to improve the inflammatory and chondro-
protective environment within the synovium.>'? This,
however, cannot be said about smaller, LMW HA frag-
ments—as these LMW HA molecules can trigger a further
inflammatory response and a lack of important chondropro-
tective effects.>!?

MW clinical outcome evidence. The aforementioned basic
science literature provides a biological basis for differences
between HMW and LMW HA products. It is important to

consider if these differences translate into realized differ-
ences in clinical outcomes. Earlier reviews stated inconsis-
tent conclusions and uncertainty on the differences between
MW clinical effectiveness, as there was not a clear differ-
ence in pain relief between LMW and HMW HA within
published trials.”3336:3940 Ag the body of evidence on IA-HA
treatment for knee OA grew, more recent reviews have
demonstrated a clearer distinction between HMW and
LMW IA-HA products with regard to pain reduction. 64244

In an analysis of all knee OA injectable treatments at 3- to
6-month follow-up, HMW HA was the only treatment to
surpass the MCID for pain.* Not only did HMW HA surpass
the MCID while LMW HA did not, no other treatment option
for knee OA met this threshold.* This result was also seen in
an analysis of the clinical importance of knee OA treatment
pain relief.*” A thorough analysis of knee OA treatment
effects in relation the MCID yielded results that suggest
HMW HA products provide a clinically important improve-
ment in pain, while LMW HA products do not. These effects
were further strengthened when the intra-articular placebo
effect was accounted for within the analysis.*’

Cross-Linking

Cross-linking basic science evidence. The process of CL
changes the structure of the HA chain, which increases the
viscosity, but may alter the way in which HA binds to
receptors.?*?* CL-HA differs in its HA-CD44 interaction, as
only the soluble (untangled) portion of the CL HA products
is capable of interacting with the CD44 receptor.?> Due to
this, there would be fewer available HA-CD44 interactions
than a comparably sized, straight chain, HMW HA mole-
cule. CL also alters the rheologic properties of HA to a gel-
like state, which may increase joint residence time, but
differs from healthy human HA 283 HMW CL HA has been
shown to have superior friction coefficients than LMW
non-CL counterparts, although it is uncertain how much of
this effect is directly attributable to the CL process, opposed
to the HMW of the products tested.?> While CL HA prod-
ucts demonstrate gel-like rheologic properties and increased
joint residence time, the direct implications of this with
regard to the chondro-regulatory implications of CD44
binding and the TLR cascade are not documented.

CL HA may increase local inflammation, and also may
exhibit a greater percentage of eosinophils within the joint
space.>® These findings were not seen within native, non-CL
HA.33 Another study confirmed the immunostimulatory
adverse effects associated with CL, as only the CL product
tested exhibited these effects.’? Within this study, the CL
HA tested exhibited a marked inflammatory reaction com-
pared to non-CL HA, causing a significant increase in
monocyte and heterophil accumulation within the synovial
fluid. This reaction was hypothesized to be a result of a
much higher (1— 3)-B-p-glucan content of the CL HA
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product, or the unique molecular structure created by the
CL process.*? This study also tested avian-derived non-CL
HA and biologically derived non-CL HA, which both did
not exhibit these immunostimulatory effects.>” This sug-
gests that the effects were attributable to the CL nature of
the tested IA-HA. The longer residence time of CL products
has, however, been suggested to increase the length of noci-
ceptive effects of CL products through a longer residence
time within the synovium.??

Cross-linking clinical outcome evidence. The basic scientific
evidence suggests that there is a potential for greater inflam-
matory response with CL HA products, yet this has not been
directly assessed clinically. CL has been associated with a
higher incidence of local acute inflammatory reactions,
although other reviews have attributed these reactions to the
avian source of most CL products.'3” While there is a basic
science rationale for both CL and avian HA to result in
increased local inflammatory reactions, no review clearly
differentiates which of these characteristics is the primary
cause of these reactions. Despite the lack of clinical evi-
dence differentiating the exact cause of these inflammatory
events, it is possible, based on the basic science evidence
reviewed, that CL contributes to these observed inflamma-
tory events.>> One review provided a meta-analysis of pain
effects between CL versus non-CL HA products.*' This
review concluded that CL products may provide greater
pain relief. Despite these findings, the majority of the CL
products are HMW, while the non-CL products were LMW.
This makes it unclear as to whether the clinical benefits
were truly due to the CL process, or if they were a result of
the HMW of the HA.*! There is no evidence that assesses
clinical outcomes between CL and non-CL HA products of
similar MW, which makes the distinction between CL and
non-CL products difficult from a symptom relief
perspective.

Manufacturing Source

Manufacturing source basic science evidence. Evidence has
highlighted the potential for immunostimulatory activity
with the use of avian-derived HA, which was not seen with
biologically derived HA.* Biologically derived HA has
been reported to have an advantageous safety profile as a
result of minimal impurities in the product, whereas avian
HA may contain such impurities.>!' The impurities observed
within avian-derived HA were primarily (1 — 3)-B-p-glucan,
which may be attributable to local flare-up reactions in
avian-derived products.!'? There have also been reports of
severe acute inflammatory reactions occurring within avian
HA as a result of the reaction to chicken proteins found
within the avian HA product.*® These impurities may con-
tribute to suboptimal, albeit rare, adverse events that are a
result of the manufacturing process of the HA product.*®

Manufacturing source clinical outcome evidence. Avian HA
studies report a greater number of adverse events, including
effusions and acute inflammatory reactions, than biologi-
cally derived HA products.!" One investigation noted that
avian HA products that were not CL had similar safety pro-
files as biologically derived HA, suggesting that the pres-
ence of CL may be a larger contributor to the inflammatory
events seen after IA-HA treatment with certain products.®?
These results do not provide a clear differentiation between
CL and avian characteristics as the driving factor behind the
observed inflammatory and adverse reactions seen in CL,
avian-derived products. Regardless, it is of note that prod-
ucts with both of these characteristics have demonstrated an
increase in adverse effects.'!-3

Discussion
Implications of Results

It is clear that there are key differences between IA-HA
products that warrant consideration when deciding the best
treatment for each individualized patient. MW, CL struc-
ture, and HA source are 3 key factors that can impact out-
comes. This thorough investigation assessing the available
literature on IA-HA product differences provides a number
of key considerations for clinicians, as well as policymak-
ers. First, the presence of numerous factors that create dif-
ferential treatment effects between IA-HA products makes
it apparent that not all IA-HA products work in the same
manner, both biologically and clinically. MW has been
shown across numerous studies to have a direct impact on
the cellular response through CD44 binding and toll-like
receptor cascade inhibition within the knee joint, causing
different biological responses with regard to the anti-
inflammatory, chondroprotective, proteoglycan synthesis,
analgesic, and subchondral effects.>?® These effects are
derived from the regulation of a number of key mediators,
primarily driven by IL-1B and MMPs.

This evidence suggests that HMW HA elicits a more
favorable response from a biological and rheological perspec-
tive, which is confirmed by the multitude of meta-analyses
that have demonstrated superior clinical outcome results from
HMW HA *® It is important to note that, while some earlier
reviews found no difference between HMW and LMW HA
products, the difference has become more apparent in recent
meta-analyses.*** In addition, time points earlier than 3
months after injection did not always demonstrate a clear
distinction between MW, while time points of 3 to 6 months
typically demonstrated a distinction between LMW and
HMW HA products.**>#34 This is an important difference
between meta-analyses of HA treatments, as earlier time
points tend to favor shorter-acting treatments like cortico-
steroid injection, while relatively longer follow-ups tend to
favor IA-HA treatment. 5435
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The use of CL in HA products also demonstrated differ-
entiation between products. While the evidence of biologi-
cal and rheological differences due to CL was well reported,
there is limited evidence addressing the specific clinical
outcomes associated with CL versus non-CL IA-HA prod-
ucts. This is largely due to confounding with MW, as many
HMW HA investigations in the literature are also CL prod-
ucts. Little evidence exists comparing CL and non-CL prod-
ucts of the same MW, which makes it difficult to ascertain
the clinical relevance of CL specifically.*! Some reviews
noted the potential for an increase in local reactions with the
use of CL products, which was also a concern with avian-
derived products.’’#

Cost-effectiveness Considerations

Evidence also exists for differences in cost-effectiveness
between IA-HA products, as well as differences in the cost-
effectiveness of IA-HA use in early/moderate knee OA ver-
sus later OA stages.’"*> This evidence provides a holistic
overview of the differences that exist across IA-HA prod-
ucts, as the basic biological effects, clinical outcomes, and
cost-effectiveness are not equivalent across the IA-HA
class. Understanding the mechanisms of action, the time-
frame of clinical effects, and differences between IA-HA
products may also help clinicians develop robust multi-
modal care models for individual patients, as knee OA treat-
ments can work together in a synergistic manner. One such
synergy is the balance of short-term effects that IA cortico-
steroids provide, along with the longer-term effects that
HMW HA provide.*3

While differences in clinical outcomes were addressed
within this article, the broader implications of these product
differences are important to consider. With better symptom
management, delaying the need for surgery, reduction in
medication use, earlier return to work, and improved qual-
ity of life, the impacts of selecting the optimal IA-HA can
expand to provide beneficial health and socioeconomic
implications.>7>1545 Recent data from a large administra-
tive database suggested that prior to TKA for knee OA,
patients who were treated with [A-HA had drastically
reduced medical costs than individuals who were not treated
with TA-HA .3 The potentially widespread implications
from IA-HA use, particularly with a product that has benefi-
cial product characteristics, stem far beyond pain relief,
thus suggesting that future clinical decision-making and
clinical practice guidelines should consider these product
differences when evaluating the appropriate use of IA-HA
for the treatment of knee OA.

Appropriate Patient Selection

This review highlighted the importance of appropriate HA
selection, yet an equally important consideration is the

appropriate patient for IA-HA treatment. Numerous studies
have investigated the importance of patient characteristics
in their prognosis following IA-HA treatment for knee OA,
with consistent conclusions suggesting that IA-HA provides
greater benefit to individuals who are earlier in their disease
progression.>>*%>7 These findings, in conjunction with opti-
mal HA product selection, can maximize the likelihood of
providing optimal outcomes for patients suffering from
knee OA.

Future Directions

The evidence of IA-HA product differences has become
apparent within the literature; however, key stakeholders
and clinical practice guideline groups have yet to consis-
tently account for these differences within their recommen-
dations. The AAOS (American Academy of Orthopaedic
Surgeons) knee OA guideline published in 2013 was one of
the most impactful guidelines for knee OA treatment and
insurance coverage decisions, yet differences such as MW
were not considered in the final recommendation.®® At that
time, product differences in clinical outcomes were not as
adequately reported within the literature—prompting the
AAOS guideline to simply state that differences, particu-
larly due to MW, may exist.”® Since 2013, the wealth of
information on these differences calls for future guideline
developers and other key stakeholders to consider the dif-
ferential effects that products have instead of assessing
IA-HA treatments as a class.*64244

Strengths and Limitations

This study is strengthened by its comprehensive and sys-
tematic search for available literature. A key limitation in
understanding these product differences arises due to the
potential confounding of multiple characteristics. For
example, HMW products have demonstrated better out-
comes, but many studies assessing HMW HA were also
cross-linked, so it is unclear as to what CL contributes to
these effects. Similarly, CL has been proposed to be associ-
ated with increased adverse event rates; however, it is
unclear whether these are more likely a result of the avian-
derived HA that is also cross-linked. There is an importance
for considering product differentiating characteristics
instead of assessing HA as a class in future research inves-
tigations, as the available literature demonstrates clear dif-
ferences between available IA-HA products.

Conclusion

Many differences exist across IA-HA products. This review
summarizes the mechanism of action of IA-HA—specifi-
cally highlighting differences between IA-HA characteris-
tics, and how important the MW, derivation of the product,
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and structure are to variances in reported clinical outcomes
to treat OA of the knee. Specifically, HMW IA-HAs have
shown greater efficacy compared to the alternative of lower
MW products, while avian-derived and cross-linked prod-
ucts have potentially demonstrated an increase in inflam-
matory adverse events over non-avian-derived,
non-cross-linked counterparts. Given the differences in
properties of HAs and their mechanism of action, not all
HAs have the same clinical effect; thus, these properties
should be considered by physicians, providers, and stake-
holders prior to choosing an HA.
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