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Treatment of Focal Muscle Stiffness 1 3
with Hyaluronidase Injections

Preeti Raghavan, Alexandra Gordon, Ryan Roemmich,
and Antonio Stecco

...the beauty and strength of the mechanical construction lie not in one part or in another, but
in the harmonious concatenation which all the parts, soft and hard, rigid and flexible, tension
bearing and pressure bearing, make up together.

—D’Arcy Thompson, On Growth and Form, 1917.

e Spasticity develops because of injury to the central nervous system. However,
secondary changes within the connective tissue of the muscle also contribute to
muscle stiffness.

e The hyaluronan hypothesis postulates that the accumulation and biophysical alter-
ation of hyaluronan, a high molecular weight glycosaminoglycan that normally
acts as a lubricant within the extracellular matrix of muscles, promotes the devel-
opment of muscle stiffness and progression to fibrosis and muscle contracture.
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e Intramuscular injections of the enzyme hyaluronidase, which catabolizes the
altered hyaluronan polymer, were shown to reduce muscle stiffness and increase
passive and active range of motion in patients with spasticity.

e This chapter discusses the preliminary evidence for the emerging treatment of
muscle stiffness using the enzyme hyaluronidase and its potential to prevent
fibrosis and contracture.

Introduction

Hyaluronidases are a group of enzymes distributed throughout the animal kingdom
that regulate the metabolism of hyaluronic acid (hyaluronan, HA). The hyaluronan
hypothesis of muscle stiffness postulates that the accumulation and biophysical
alteration of HA in the extracellular matrix (ECM) of muscle leads to the develop-
ment of muscle stiffness [1, 2]. Chapter 6 describes the evidence for the role of
altered HA metabolism in the development of increased passive resistance to move-
ment. HA is a non-sulfated high molecular weight glycosaminoglycan (GAG) and a
major component of the endomysium, perimysium, and epimysium which together
constitute the ECM of the muscle [3]. In the healthy state, HA in the ECM acts as a
lubricant to facilitate sliding and myofascial force transmission within and between
muscles [4, 5]. However, disruption in the homeostasis of HA due to reduced clear-
ance and/or increased production, for example, because of paresis and immobility
[6] as well as muscle overactivity and compensatory overuse [7, 8], can lead to the
accumulation of HA and an alteration in its physiological properties leading to mus-
cle stiffness and increased resistance during passive movement [9, 10] (Fig. 13.1).
GAGs and specifically HA, the largest GAG, can self-organize into diverse
supramolecular complexes that determine the physical properties of the tissue [11].
Figure 13.2 shows the various ways in which GAGs can self-organize and form
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Fig. 13.1 Paresis and immobility after CNS injury can lead to reduced degradation of hyaluronan
(HA), whereas muscle overactivity, overuse of compensating muscles, and/or inflammation can
lead to increased production of HA. If HA accumulation is untreated, it may contribute to irrevers-
ible muscle fibrosis and contracture


https://doi.org/10.1007/978-3-030-96900-4_6

13 Treatment of Focal Muscle Stiffness with Hyaluronidase Injections 265

Glycosaminoglycan chain g ~ 0.34nm
Disaccharide unit (1nm) - —
O, Maximum rigidity »
) 4 - L3
Contou . o
length & H i 4
Radius of *
gyration .

bottle brush
(e.g. aggrecan with CS/KS)

disrupted flims

')

core

protein * "‘I%m 4

(lll) separate globules

+ =
j =
o
© (I) compact brush
o g (Homogeneous)
Spherical brush ]
(e.g. vesicle )
with HA) Planar brush §,
(e.g. cell surface =
C with HA) o
2
§ &
é” Q"? ‘brush’
S © Mushrooms
O‘Qo ‘mushroom’ 0’3’ .'g _-E;
& N % (éh’)
= =y L | e o
free unperturbed Streched Polymer grafting densit
chain chain chain v 9 9 v

Fig. 13.2 Schematic diagrams illustrating the self-organization of glycosaminoglycans (GAGs),
and specifically hyaluronan (HA), from a soft matter physics perspective. (a) The radius of gyra-
tion and the contour length of polymer chains, and the sizes of the building blocks and persistence
lengths for GAGs relative to nucleic acids and (poly)peptides. (b) Polymer brushes: a bottle brush
forms upon anchorage of chondroitin sulfate (CS) and keratan sulfate (KS) at high density to a core
protein (e.g., aggrecan); HA, when retained via attachment to hyaluronan synthases (HASs), can
form a planar brush on the cell surface, spherical brushes around extracellular vesicles and cylin-
drical brushes around cell membrane protrusions. (¢) Brushes form when the flexible GAG chains
are anchored at high density to a substrate. (d) Assemblies of GAGs and GAG-rich proteoglycans
are intrinsically mechanically soft and swollen owing to the mutual repulsion of GAGs and the
high negative charge, providing an osmotic swelling pressure due to associated counter ions. The
schematic shows how aggrecan swells and extends HA brushes. (e) Crosslinking of GAGs with
proteins causes compaction, phase separation, and rigidification. As the attraction between poly-
mers increases (in the case of GAGs by crosslinking with proteins), the film becomes more com-
pact and rigid, and a homogeneous brush (I) can phase separate into heterogeneous films of distinct
morphology: a continuous film with holes (II) or separate globules (III). Boundaries between
phases are drawn qualitatively and three-dimensional views (red) illustrate the gross morphology
of phases I, II, and III. (Modified from Richter RP (2018), with permission)

rigid structures. The aggregation and self-organization of HA polymers is highly
dependent on HA concentration, temperature, and pH, which together affect the
viscoelasticity of the ECM [5, 12, 13]. The compliant nature of the HA aggregations
may explain how physical modalities, such as the application of heat and cold, and
physical manipulation, such as stretching and massage, affect the resistance to pas-
sive movement in individuals with muscle stiffness with or without spasticity [14,
15]. For example, it has been shown that passive resistance to stretching at slow
speeds, which is thought to reflect non-neural muscle stiffness, is increased with the
application of a cold stimulus, whereas it is decreased with the application of a
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warm stimulus in individuals with spasticity [16]. Repetitive static stretching can
lead to a temporary reduction in viscoelastic stress relaxation in individuals with
and without spasticity [17, 18]. Increased GAG content is seen in non-spastic myo-
fascial pain and muscle stiffness [19, 20], and deep friction massage has been shown
to reduce GAG content as measured by muscle imaging [8]. Taken together, these
studies suggest that the alteration in the biophysical properties of HA can affect
muscle stiffness. Since hyaluronidases catabolize HA, they could play a critical role
in the clearance of HA, particularly in individuals with severe muscle stiffness.

The potential role of HA and hyaluronidase in spasticity may be surmised from
a study that demonstrated the presence of HA in the capsular space of the cat
muscle spindle, which was responsible for the transcapsular potential across the
sensory terminal membrane that makes the sensory nerve ending sensitive to
mechanical stimuli. The diffusion of hyaluronidase into the capsular space
reduced both resting and stretch-induced impulses in the muscle spindle [21]. HA
is also abundant around the nerve endings in the perimysium (see Chap. 6, Fig.
6.9). Excessive amounts of HA in the muscle spindle and around the nerves in the
perimysium may affect the stretch reflex response. Furthermore, HA is also a key
component of perineuronal nets (PNNs), which refer to the ECM around neurons
in the central nervous system (CNS) and are shown to be crucial in the control of
neuronal plasticity both during development and after CNS injury — the formation
of mature PNNs signals the closure of neuronal plasticity [22, 23]. PNN removal
after spinal cord injury enhances plasticity, for example, by allowing de novo
sprouting of axons and the formation of new synapses for the recovery of function
[24, 25]. Thus, excessive HA accumulation in the ECM of muscle increases its
viscoelasticity and the resistance to passive movement and may also increase the
sensitivity of the muscles spindles and exacerbate spasticity. In addition, it may
disrupt peripheral plasticity which may be crucial for recovery of movement and
function.

Catabolism of Hyaluronan by Hyaluronidases

Hyaluronidases were first described by Duran-Reynals who observed that extracts
of mammalian testis and other tissues contain a “spreading factor” which could
facilitate the diffusion of dyes and antiviral vaccines injected subcutaneously [26,
27]. The term “hyaluronidase” was introduced by Karl Meyer in 1971 to denote that
the enzymes degrade HA. Meyer classified hyaluronidases based on biochemical
analysis and the end products generated into mammalian hyaluronidases, leech
hyaluronidase, and microbial hyaluronidases [28]. The initial degradation of HA is
accomplished by hyaluronidase, which cleaves the linkage between glucuronic acid
and N-acetyl glucosamine and generates oligosaccharides of different chain lengths
which are the substrates for two other exoglycosidases [29] (Fig. 13.3a).

The human genome contains six hyaluronidase-like genes which share about
40% of their identity with one another, suggesting that they evolved by gene dupli-
cation, although the expression of each gene has a unique tissue distribution. The
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Fig. 13.3 Schematic illustration of mechanisms of hyaluronan (HA) degradation. (a) The initial
degradation of HA is accomplished by hyaluronidase (HYAL), which cleaves the linkage between
glucuronic acid and N-acetyl glucosamine and generates oligosaccharides of different chain
lengths. (b) In HYAL-mediated HA degradation (top), high molecular weight HA is tethered to the
cell surface by CD44 and GPI-anchored HYAL?2 into caveolin-rich lipid rafts and then cleaved into
approximately 2 x 10* Da fragments. The HA fragments are subsequently delivered to endo-
lysosome compartments and degraded into smaller oligosaccharides by HYAL1 and monosaccha-
rides by exoglycosidases. In the proposed model of CEMIP-mediated HA degradation (bottom),
high-molecular-weight HA is endocytosed into clathrin-coated vesicles and cleaved into lower-
molecular-weight HA fragments by the action of CEMIP, which is localized in the peripheral
vesicles of the cell. The fragmented HA is then depolymerized in endo-lysosome compartments or
released extracellularly without intracytoplasmic accumulation. TMEM2 is expressed on the cell
surface in a type II transmembrane topology and degrades high molecular weight HA into approxi-
mately 5 x 10° Da fragments. (From Kobayashi T (2020), with permission)

Dynamin

genes HYAL1, HYAL2, and HYALZ3 are located on chromosome 3p21.3, whereas
HYAL4, PHYALI1 (a pseudogene), and sperm adhesion molecule 1 (SPAMI, also
known as PH20) are clustered on chromosome 7p31.3. HYAL1 and HYAL? are the
major hyaluronidases expressed in human somatic tissues and are both needed for
catabolism of tissue HA [30, 31]. HYALI plays an important role in HA degrada-
tion within the liver, whereas HYAL?2 is required for clearance of high molecu-
lar weight HA in lymph nodes and plasma and for HA endocytosis by liver
non-parenchymal cells [32].

In a recently proposed model of HA catabolism (Fig. 13.3b), the glycosylphos-
phatidylinositol (GPI)-anchored cell surface hyaluronidase HYAL?2 cleaves high
molecular weight HA into approximately 2 x 10* Da fragments at the cell surface
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with the HA receptor CD44 [33]. The partially fragmented HA is internalized by
binding to the HA receptors [34] and is then further degraded by HYAL1 and exo-
glycosidases in the lysosomal system. Interestingly, HYAL2 appears to favor an
acidic pH for its hyaluronidase activities [35]. More recently, two novel molecules,
the cell migration inducing protein (CEMIP/KIAA1199) and transmembrane pro-
tein 2 (TMEM?2), have been identified that contribute to digesting extracellular
high molecular weight HA into smaller fragments [36-38]. As the fragmented HA
in the ECM is usually internalized by cells through receptors, HA receptors have
roles not only in intracellular signaling but also in HA clearance [39-43].

Pharmacology and Uses of Exogenous Hyaluronidases

The interstitial connective tissue matrix is a complex three-dimensional dynamic
structure comprised of numerous structural macromolecules including collagens,
elastin, and fibronectin, in which GAGs such as HA and proteoglycans form a
hydrated gel-like substance that allows the ECM to resist compressive forces.
Collagens are the predominant fibers that hold tissues in place and maintain tissue
integrity. HA acts as a barrier to bulk fluid flow through the interstitial collagenous
matrix due to its hydration and viscosity [44]. While the concentration of HA is only
1% of the concentration of collagen in the skin, it occupies a fluid exclusion volume
tenfold higher than that of collagen on a mL H,O/mg basis [45]. In contrast to col-
lagen, which has a half-life approaching 15 years [46], HA is rapidly turned over in
the body with a half-life of 15-20 hours in the skin [47, 48]. Thus, HA in the skin
and subcutaneous interstitial connective tissue matrix forms an effective dermal
barrier.

“Spreading agents” derived from animal testes extracts containing interstitial
matrix-degrading enzymes have been used clinically for over 50 years to facilitate
the dispersion and absorption of other drugs through the skin and subcutaneous tis-
sue, including procaine for patients with spasticity [28, 49]. SPAM1 or PH20 is the
predominant hyaluronidase in mammalian testes and is the only neutral pH-active
hyaluronidase that degrades GAGs under physiologic conditions. Thus, PH20 is
used therapeutically to increase the speed of absorption of drugs, to promote resorp-
tion of excess fluids, to increase the effectiveness of local anesthesia, and to dimin-
ish tissue destruction by subcutaneous and intramuscular injection of fluids [50, 51].
While animal testes-derived hyaluronidase extracts have been used extensively in
the clinic to disperse other injected drugs, they have generally been limited by both
immunogenicity and impurity profiles, typically comprising less than 1% enzyme
per mg total protein. Such preparations are frequently contaminated with proteases,
immunoglobulin, and factors that increase capillary permeability and can also give
rise to IgE-mediated allergic reactions upon repeat administration [52, 53].

The human PH20 enzyme is a 509 amino acid glycoprotein anchored to the
plasma membrane through a GPI moiety that facilitates penetration of spermatozoa
through the cumulus cells to enable fertilization [54]. A purified soluble recombi-
nant human hyaluronidase (rHuPH20) lacking the GPI membrane attachment,
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containing 447 amino acids with an approximate molecular weight of 61 kDa, is
produced by genetically engineered Chinese hamster ovary (CHO) cells containing
a DNA plasmid encoding for a soluble fragment of human hyaluronidase (PH20).
Recombinant human hyaluronidase (Hylenex®, Halozyme Therapeutics, San
Diego, California) enhances the infusion rates and penetration of molecules up to
200 nm in diameter up to 20-fold without eliciting inflammation, vascular permea-
bility, and immunogenic or allergic reactions [55]. This product was FDA approved
in 2005.

Recombinant human hyaluronidase is supplied as a sterile, clear, colorless, non-
preserved, ready-for-use solution with an approximate pH of 7.0 and an osmolality
of 280-340 mOsm/kg. It is indicated as an adjuvant in subcutaneous fluid adminis-
tration for achieving hydration, to increase the dispersion and absorption of other
injected drugs [56], and in subcutaneous urography for improving resorption of radi-
opaque agents. It is approved for infiltration use, interstitial use, intramuscular use,
intraocular use, retrobulbar use, soft tissue use, and subcutaneous use. Hyaluronidase
is antigenic; repeated injections of relatively large amounts of hyaluronidase prepa-
rations may result in the formation of neutralizing antibodies. However, allergic reac-
tions have been reported in less than 0.1% of patients. Anaphylactic-like reactions
following retrobulbar block or intravenous injections have occurred rarely. The most
frequently reported adverse reactions have been mild local injection site reactions,
such as erythema and pain. The long-term effects of hyaluronidase on fertility are
unknown. It also has several off-label uses in dermatology, plastic surgery, ophthal-
mology, and surgery [56—61]. The use of hyaluronidase for the treatment of muscle
stiffness is a novel off-label application at present.

Novel Off-Label Use of Hyaluronidase for Treatment
of Muscle Stiffness

Upper Limb Muscle Stiffness

Safety and Preliminary Efficacy of a Single Injection Treatment
In an initial retrospective case series [1], 20 patients with unilateral upper limb
spastic-muscle stiffness of cerebral origin received off-label injections of recombi-
nant human hyaluronidase in combination with preservative-free normal saline into
6-8 upper limb muscles at a single visit. All patients (mean age 41 + 22 years and
mean time since injury 40.6 = 38.9 months) had moderately severe unilateral upper
limb spasticity across more than one joint, defined by a Modified Ashworth Scale
(MAS) score >2. The dose ranged from 450 to 600 units of hyaluronidase diluted
with normal saline which was distributed in multiple synergistically acting muscles.
There were no clinically significant adverse effects related to the treatment.
Resistance to passive movement was assessed clinically using the MAS (see
Chaps. 3 and 4). The percentage of joints with MAS = 3 decreased by 38.5% and
those with MAS = 0 increased by 46.9% within 3 days to 2 weeks postinjection,
suggesting a clear effect of the injections (Fig. 13.4). Passive range of motion
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Fig. 13.4 Modified Ashworth 70% MAS Score
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(PROM) and active range of motion (AROM) were evaluated pre- and postinjec-
tion to assess clinical response to treatment. PROM at all joints and AROM at
most joints increased within 2 weeks postinjection (T1) and persisted at 4-6 weeks
postinjection (T2) and 3-5 months postinjection (T3) (Fig. 13.5). There was a
delayed increase in active elbow extension and forearm pronation, which was
unexpected, suggesting a possible effect on plasticity. The results persisted for at
least 3 months. Most importantly, there were no side effects of muscle weakness
or sedation. These results provide preliminary evidence that intramuscular hyal-
uronidase injections can reduce muscle stiffness and increase passive and active
movement in multiple upper limb joints of patients with chronic muscle stiffness
secondary to spasticity.

Safety and Dose-Response of Multiple Injection Treatments
In a follow-up retrospective study of 30 patients with moderate-to-severe muscle
stiffness (approved by the New York University School of Medicine Institutional
Review Board), the safety of multiple off-label hyaluronidase injections was
assessed by examining the percentage of patients who had immediate or delayed
hypersensitivity reactions or reported any adverse effects such as prolonged mus-
cle soreness. The maximum total dose used in this cohort was 1575 IU, with a
maximum of 300 IU injected into a single site at once, which is well below the
threshold of toxicity of hyaluronidase [62]. Of the 30 subjects, 5 subjects had only
one injection visit during the study period. The remaining subjects had multiple
injection visits (range 2—10). The average time between injection visits was 17.7
weeks (range 4.2-57.5), and an average of 11.3 muscles (range 3.8-20.0) were
injected per visit. The average volume injected per session was 14.1 ml (range
4.0-25.3), which equated to an average dose of 1054.4 units (range 300-1575)
(unpublished data).

None of the subjects in this retrospective cohort demonstrated evidence of imme-
diate hypersensitivity on intradermal testing, i.e., no erythema, itching, or wheal
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Fig. 13.5 Passive and active range of motion across upper limb joints (in degrees) at TO = prein-
jection, T1 = within 2 weeks post hyaluronidase injection, T2 = within 4-6 weeks post hyaluroni-
dase injection, and T3 = within 3-5 months post hyaluronidase injection. * statistically significant
differences at p < 0.05. (Data from Raghavan P (2016), with permission)
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was noted in or around the injection site prior to the intramuscular injections. None
of them experienced delayed hypersensitivity. One subject had pain in the shoulder
girdle which persisted after the injections and resolved once the statin that she was
taking was discontinued. The subject continued to tolerate repeated injections with-
out prolonged muscle soreness thereafter. No injection-related adverse effects
were noted.

There was greater than 15% increase in maximum PROM from baseline in at
least one joint in 87% (26/30) of subjects, and greater than 15% increase in maxi-
mum AROM from baseline in at least one joint in 70% (21/30) of subjects. As
expected, ROM at baseline was negatively correlated with the percentage improve-
ment in passive and active ROM, suggesting that the higher the baseline ROM, the
less room for improvement. Across all joints, the improvements in PROM and
AROM were correlated with the number of injection visits, suggesting an additive
effect of repeat injections (Fig. 13.6). Subjects who showed little change in PROM
showed changes in AROM and had lower levels of motor impairment at baseline,
where as those who showed changes in PROM with little change in AROM had
higher levels of motor impairment at baseline.
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Lower Limb Muscle Stiffness

Preliminary Efficacy of a Single Injection Treatment

Off-label hyaluronidase has also been used clinically in the lower limb in several
patients. Here, we present the changes in gait parameters in one patient who pre-
sented for instrumented gait analysis before and after the injections as part of an
observational study (approved by the Johns Hopkins University Institutional Review
Board). The patient, a 64-year-old woman, sustained left spastic hemiparesis and
presented with muscle stiffness that affected her ability to walk. She was referred
for off-label hyaluronidase injections by her neurologist to treat the muscle stiffness
in her lower limbs. She underwent instrumented gait analysis prior to one set of
injections and subsequently received 1500 units of human recombinant hyaluroni-
dase distributed over 14 lower limb muscles, mostly on the left side at a single visit.
Approximately two months postinjection, she underwent follow-up gait analysis.
Note marked increases in the patient’s gait speed (Table 13.1). Both her preferred
and fastest comfortable walking speeds increased by nearly 20% (preferred,
1.05 m/s preinjection to 1.22 m/s postinjection; fastest comfortable, 1.20 m/s prein-
jection to 1.42 m/s postinjection). These improvements exceed reported minimal
clinically important difference thresholds for persons with neurologic damage or
disease. Instrumented gait analysis recorded lower extremity joint kinematics and
ground reaction forces. The most noticeable changes in the patient’s kinematics
were observed in her left hip and knee, as extension in both joints improved by
nearly 5 degrees following the injections (Fig. 13.7; note that the increased flexion
in the right knee throughout the gait cycle was due to a previous orthopedic issue).
These improvements in leg extension led to a 14% increase in the forward propul-
sion force generated by her left leg, which likely facilitated the observed increases

Table 13.1 Results of gait analysis pre- and postinjection

Gait parameters Preinjection Postinjection

Ankle kinematics Right Left Right Left
Peak dorsiflexion (deg) 1.7 1.8 2.1 4.1
Peak plantarflexion (deg) -31.6 -24.1 -31.8 -22.1
Knee kinematics

Peak flexion (deg) 62.5 57.5 65.1 59.9
Peak extension (deg) 12.5 2.6 13.4 -2.7
Hip kinematics

Peak flexion (deg) 253 23.6 27.9 25.8
Peak extension (deg) —10.6 -17.0 —14.5 -21.8
Ground reaction forces

Peak propulsion (N/kg) 0.17 0.14 0.19 0.16
Peak braking (N/kg) -0.19 -0.15 -0.16 -0.24
Walking speeds

Preferred (m/s) 1.05 1.22

Fastest (m/s) 1.20 1.42
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Fig. 13.7 Changes in gait parameters pre-post hyaluronidase injections to the lower limb mus-
cles. (a) In joint kinematics. (b) In anteroposterior (AP) ground reaction forces

in gait speed. Importantly, these improvements were noticeable to the patient, as she
perceived her gait to be smoother and more normal following the injections.

The clinical data presented above for the upper and lower limbs provides indi-
rect evidence for the hyaluronan hypothesis, since HA content was not quantified.
The results suggest that use of the enzyme hyaluronidase is a possible solution for
the treatment of muscle stiffness associated with spasticity after neurological
injury that does not cause muscle weakness [63, 64]. These results need to be con-
firmed in randomized controlled trials, one of which is currently ongoing
(NCT033006615).
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Imaging Quantification of Hyaluronan Content in Patients
with Muscle Stiffness

Tlrho (T1p) magnetic resonance imaging (MRI) mapping has been used to quantify
GAG content in cartilage [65, 66], muscle [67—69], and intervertebral discs [70, 71].
T1p contrast is an endogenous noninvasive MRI contrast mechanism that refers to
the spin lattice relaxation time constant in the rotating magnetic field and measures
the transverse magnetization decay in the presence of a spin-lock radiofrequency
(RF) field [72]. T1p contrast is sensitive to low energy interactions related to the
chemical exchange between extracellular water and macromolecules and is well
suited to characterize proteoglycan content [66, 73]. Hence, 3D-T1p MR mapping
of the upper arm muscles was used to quantify intramuscular GAG content before
and after hyaluronidase injection treatment [74]. Figure 13.8 shows representative
mono-exponential T1p maps of the upper arm in controls and patients with post-
stroke muscle stiffness before and after hyaluronidase injection treatment. Note the
increased T1p relaxation times before the injections (middle panel, red) in the
biceps and triceps muscles, reflecting increased intramuscular GAG content in
patients with poststroke muscle stiffness. All three patients showed significant
improvement in the T1p relaxation time of the biceps muscle within two weeks after
treatment with hyaluronidase, approaching that of control values. The triceps mus-
cle also showed increased GAG content but was not consistently targeted with the
injections and therefore did not show a significant change given the small sample
size. These results suggest that T1p mapping can be used to quantify GAG content
in the muscles of patients with poststroke muscle stiffness noninvasively and that
muscle HA content is increased in stiff muscles compared with controls, providing
imaging corroboration for the hyaluronan hypothesis of muscle stiffness [74].

Accumulated Hyaluronan Traps Intramuscular Free Water
in Stiff Muscles

In contrast to mono-exponential T1p mapping described above, bi-exponential T1p
mapping can provide a more detailed characterization of the changes in the extracel-
lular microenvironment (e.g., chemical exchange rate of protons, pH, GAG concen-
tration, viscosity, and presence of free water) that contribute to the net increase
observed in the mono-exponential T1p values shown in Fig. 13.8. The bi-exponential
modeling uses a two-compartment model that breaks down the observed mono-
exponential decay into its constituent parts, a short component that relaxes quickly
and a long component that relaxes slowly. Increased GAG accumulation can
increase the chemical exchange of the negatively charged GAGs with the protons of
the water molecules, increasing the fraction of the short component. However, a
more significant consequence is the aggregation of the GAGs into macromolecular
spheres that trap free water in the ECM and increase the duration of the long com-
ponent, T1pl.

In patients with muscle stiffness, bi-exponential T1p mapping showed that the
relaxation time of the short component was relatively unchanged, but the fraction of
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Fig. 13.8 Representative T1p maps of the upper arm in controls (top row) and patients with post-
stroke muscle stiffness before (middle row) and after (bottom row) hyaluronidase injection treat-
ment. Note the difference in relaxation times and the shape of the muscle before and after the
injections. (From Menon R (2019), with permission)

the short component increased in the biceps and triceps muscles due to increased
GAG accumulation (As (%)) (Table 13.2). In contrast, the relaxation time of the
long component increased due to excessive free water in the ECM. Following treat-
ment with hyaluronidase, note the shift of the mono-exponential and the bi-
exponential short and long components with their corresponding fractions to values
approaching those in controls. The changes in the fraction of the short component
and the relaxation times of the long component provide an understanding of the role
of intramuscular fluid accumulation in producing muscle stiffness. The results sug-
gest that muscle stiffness is characterized by increased muscle GAG content and
free water, both of which can be reduced with hyaluronidase injections. This pilot
study demonstrates the application of bi-exponential T1rho mapping as a marker for
GAG content in the muscle and as a potential treatment monitoring tool for patients
with muscle stiffness [75].
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Patient and Muscle Selection for Treatment
The Preinjection Consultation

As for the use of any invasive treatment, including hyaluronidase injections, the
preinjection evaluation visit should include a discussion with the patient about
treatment goals, explanation of the treatment and procedure, and informed
consent.

It must be clearly explained that treatment with hyaluronidase injections for
muscle stiffness is off-label and is not yet approved by the FDA for this indication.
The pros and cons of the injection of hyaluronidase versus other treatments, includ-
ing the side effects such as the possibility of an allergic reaction and contingencies
in case of one, should be explained. Other side effects can include temporary muscle
soreness. The package insert may be provided along with literature on its off-label
use for muscle stiffness.

A thorough explanation of the treatment must be provided by the clinician to the
patient and family, regarding what it will entail, which muscles will be injected, the
approximate number of injections, as well as the potential benefits and side effects.
The pros include that it does not cause muscle weakness and that its effects can be
additive with repeated treatments as shown in Fig. 13.6, although the incidence of
tolerance is not known. The cons include the need for repeated treatments and that
it cannot reverse fibrosis or contracture once these are established. Treatment goals
must be discussed with the patient and family as suggested by the algorithm in
Chap. 8.

Selection of Muscles

The selection of muscles for treatment depends on the goals of the treatment, the
degree of stiffness, and the presence of fibrosis. Once these are determined, syner-
gistically acting stiff muscles in one or more spatial planes along the myofascial
chain may be selected for injection. Agonist and antagonist muscles across a joint
must be treated in the same session for optimal effect [1]. The selection of muscles
for injection and dosing requires specific training.

Clinical differentiation between muscle stiffness and contracture may be difficult
in patients with severe muscle stiffness. This is important as there may be a critical
window of opportunity in patients who are not yet contracted, as described in Chap.
6. Ultrasonography is a useful tool to visualize muscle tissue and infer its composi-
tion by assessing its echogenicity [76, 77]. Echo-intensity denotes the brightness of
an image caused by the reflection of sound waves and is influenced by sound beam
characteristics and tissue density [78]. Healthy muscles look dark with sharp bright
lines on B-mode ultrasonography. The dark signal is hypoechoic, and the bright
lines represent hyperechoic signal from collagen fibers in the endomysium and peri-
mysium. Hyperechoic signal can be produced by fibrosis but also by fatty infiltra-
tion [79-81].
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A qualitative assessment of muscle echo-intensity may be made using the grad-
ing described by the Heckmatt rating scale (Fig. 13.9a) [82]. The use of the
Heckmatt rating scale has demonstrated that muscles showing high echo-intensity
have a poorer response to treatment of spasticity with botulinum toxin injections
[83-86]. On the other hand, trigger points (TrPs) are defined as stiff nodules in a
taut band of muscle that present a hypoechoic signal [87, 88]. However, gray-scale
ultrasonography cannot assess the mechanical properties of the muscle such as its
stiffness, i.e., the ability of the muscle to be compressed, elongated, stretched, or
manipulated.

Hence, shear wave elastography (SWE) has emerged as a quantitative measure
of passive stiffness in individuals with spasticity and muscle stiffness, where an
acoustic radiation force impulse or shear wave is generated by a special transducer
and the local tissue deformation is evaluated using ultrasound imaging [89-92].
However, the use of SWE is limited by interobserver and technical variability, an
inability to assess deeper muscles due to attenuation of the shear wave as it passes
through the tissue, lack of standard protocols, and the need for specialized equip-
ment [93-96].

The myotonometer is a handheld instrument which provides a mechanical
impact to the muscle and measures the decaying oscillations that travel through
it. The device can provide quantitative measurements of muscle properties such
as tone, stiffness, and elasticity [97], which have been found to be reliable in
assessing changes in muscle mechanical properties in individuals with spasticity
[98-103]. The measurements of muscle properties with the myotonometer are
highly correlated with those made using SWE [104], but they also suffer from
similar drawbacks such as high interobserver and technical variability, inability
to assess deeper muscles due to attenuation of the impulse as it passes through
the tissue, lack of standard protocols, and the need for specialized equipment.
Therefore, a more practical method in the clinical setting may be to qualitatively
assess the compressibility of the underlying muscle by manual palpation to esti-
mate the resistance of the tissue to displacement using the stiffness rating scale
(Fig. 13.9b) [105].

The combined use of the qualitative assessment of muscle stiffness using the
stiffness rating scale and of muscle echo-intensity using the Heckmatt rating
scale is proposed to differentiate between severe muscle stiffness and contracture
in the clinical setting. The stiffness-echogenicity matrix (SEM) combines echo-
intensity using the Heckmatt rating scale on the x-axis with stiffness rating on
the y-axis (Fig. 13.10). The combined echo-intensity and stiffness grades range
from 1A (acutely denervated flaccid muscle) to 4D (noncompressible stiff and
contracted muscle), representing a wide spectrum of conditions seen in clinical
practice. It is proposed that muscles demonstrating high stiffness grades but low
muscle echo-intensity on ultrasound, represented in the red box, are more likely
to respond to treatment with hyaluronidase. Therefore, when there is a question
about fibrosis or contracture, qualitative ultrasound may assist the clinician in
decision-making.
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Fig. 13.9 Qualitative assessment of muscle stiffness and echogenicity. (a) Muscle echo can be
graded by ultrasound using the Heckmatt rating scale, where the grades represent the following: I
= Normal, II = Increase in echo intensity while bone echo is still distinct, III = Marked increase in
muscle echo intensity with reduced bone echo, IV = Very high muscle echo intensity and complete
loss of bone echo. (b) The stiffness rating scale assesses the compressibility of the underlying
muscle by palpation to estimate the resistance of the tissue to displacement, where the grades
represent the following: A = The muscle feels soft to the palpating thumb or index finger. It is pos-
sible to compress 75% of the relaxed muscle tissue, B = It is possible to compress only 50% of the
relaxed muscle tissue due to mild resistance, C = It is possible to compress only 25% of the relaxed
muscle tissue due to moderate resistance, D = It is impossible to compress the relaxed muscle tis-
sue due to high resistance (bone-like). (From Stecco A (2019), with permission)
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Fig. 13.10 The Stiffness Echogenicity Matrix (SEM) combines qualitative rating of muscle stiff-
ness using the stiffness rating scale on the y-axis with rating of muscle echo-intensity using the
Heckmatt rating scale on the x-axis. The cells in the SEM represent a wide spectrum of conditions
seen in clinical practice. The color of each cell in the matrix reflects the echo-intensity on gray-
scale ultrasound. The red box highlights muscles with high stiffness but low echo that may respond
to treatment with hyaluronidase. (From Stecco A (2019), with permission)

The Injection

In previous studies, we diluted the commercially available hyaluronidase so as to opti-
mize the volume and pressure of the injection [106]. Dilution also resulted in a lower
dosage overall across all the muscles injected as the goal is to inject just enough
enzyme to catabolize excessive HA in the stiff muscles. The dilution and dosage for
individual muscles may vary based on the degree of muscle stiffness and the underly-
ing disease and requires additional study. As with any invasive procedure, aseptic
technique must be used, and precautions must be taken to avoid intravascular injection.

Hyaluronidase injections do not target the motor end plate; hence, the use of
electromyography or electrical stimulation guidance is not necessary. However,
ultrasound guidance may be helpful to confirm the anatomy in regions where sur-
face anatomy is not clear or where there are critical neurovascular structures.

After Injection

Patients should be advised to use a warm compress for local soreness around the
injection sites. Given that immobility can contribute to the accumulation and bio-
physical alteration of HA, patients should be encouraged to perform passive, active-
passive (bimanually assisted), and/or active movements and stretching exercises to
restore muscle length. Therapy to retrain functional movements and prevent com-
pensatory muscle use may also be necessary. It is helpful to assess the patient
2-4 weeks after the injections to determine the effect of treatment and dosing and
muscle selection for future injections.
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Measuring Outcomes

Standardized measures before and after treatment are integral components of the
assessment process. The most proximate outcome of the treatment of muscle stiff-
ness with hyaluronidase is a change in passive range of motion at multiple joints in
the limb, which may depend on the muscles selected for treatment, the degree of
stiffness, and the presence of fibrosis, as well as on baseline movement ability.
Functional outcomes are important to patients, and must also be assessed, although
these may take time to change. Reduction in discomfort, pain, and the ability to
participate in daily life roles are also important to assess.

Conclusions

Although spasticity develops because of injury to the CNS, peripheral non-neu-
ral mechanisms contribute to the ensuing muscle stiffness. The hyaluronan
hypothesis postulates that the accumulation and biophysical alteration of hyal-
uronan within the ECM of muscle can lead to muscle stiffness. The use of hyal-
uronidase has emerged as a potential treatment to catabolize the excessive
hyaluronan, which if left untreated may contribute to progression to muscle
fibrosis and contracture. Randomized controlled clinical trials are needed to con-
firm preliminary findings of the efficacy of hyaluronidase in the treatment of
muscle stiffness and in the prevention of fibrosis and muscle contracture. A better
understanding of the mechanisms underlying muscle stiffness, the basis for treat-
ment with hyaluronidase, and the dosing parameters, can potentially transform
clinical practice for the treatment of muscle stiffness in both spastic and non-
spastic patient populations.

Disclosures This chapter discusses the off-label use of hyaluronidase for treatment of muscle
stiffness. Drs. Preeti Raghavan and Antonio Stecco are co-founders of MovEase, Inc.
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