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Abstract

Spasticity develops as a result of CNS injury; however, secondary changes within the muscles and 

connective tissue also contribute to muscle stiffness. The hyaluronan hypothesis postulates that the 

accumulation of hyaluronan, a high molecular weight glycosaminoglycan which acts as a lubricant 

within the extracellular matrix of muscles, promotes the development of muscle stiffness. 

Intramuscular injections of the enzyme hyaluronidase, which hydrolyzes long-chained hyaluronan 

polymers to smaller polymers, was shown to reduce muscle stiffness and increase passive and 

active range of motion in patients with spasticity. These results provide preliminary evidence of 

the hyaluronan hypothesis and suggest an emerging therapy to reduce muscle stiffness using the 

enzyme hyaluronidase.
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Introduction

Muscle stiffness and spasticity cause severe disability in approximately 12 million people 

after neurologic injury of cerebral or spinal origin, such as stroke, cerebral palsy, spinal cord 

injury, and multiple sclerosis [1]. The prevalence of spasticity increases over weeks and 

months after the neurologic injury [2], leading to muscle stiffness which persists for years, 

contributing to further disability, and slowed recovery. Upper limb spasticity, and muscle 

stiffness are associated with reduced functional independence and a four-fold increase in 

direct care costs during the first year post-stroke alone [3 4]. They are challenging to treat 

because the underlying mechanisms are not fully understood [4 5].

Spasticity is classically defined as a velocity-dependent increase in tonic stretch reflexes 

resulting from hyper-excitability of the stretch reflex [6] because of decreased cortical 
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influences on the inhibitory brainstem descending pathways to the spinal cord [7]. The 

imbalance between inhibitory cortical and brainstem pathways from the ventromedial 

reticular formation and the excitatory brainstem pathways from the bulbopontine tegmentum 

and the vestibular nucleus are thought to reduce pre-synaptic inhibition causing spasticity [8] 

(Figure 1). However, hyperreflexia is only one component of the problem in patients with 

spasticity [9–11], and the extent of hyperrelflexia may not be correlated with the extent of 

muscle stiffness [12 13]. Nevertheless, CNS depressants (e.g., benzodiazepines, baclofen, 

and tizanidine) are commonly used to treat “hyperactivity,” but they also produce muscle 

weakness, fatigue, and sleepiness [14]. Botulinum toxin injections are effective in reducing 

“muscle over-activity” in patients with spasticity, but it has long been known that muscles 

can be stiff even in the absence of EMG activation [15]. Thus, while neural mechanisms 

certainly initiate spasticity, non-neural peripheral mechanisms clearly play a role in the 

development and exacerbation of muscle stiffness [16 17].

Increased resistance to passive stretch can occur because of secondary non-neural changes in 

muscle fibers, collagen tissue, and tendon properties [18 19]. Early experiments on muscle 

properties [20] showed that the faster the change in muscle length, the greater is the passive 

tension generated in the muscle in the absence of muscle activation. This can be quantified 

with the length-tension curve, which shows a steeper slope in spastic compared with non-

spastic muscles at equivalent speeds (Figure 2). This non-neural, or passive stiffness, is 

distinct from the increase in EMG activity (neural response) when a muscle is stretched at 

faster speeds [21] and can lead to the generation of increased torques despite the presence of 

weakness [22 23]. A previous hypothesis postulated that passive muscle stiffness may 

increase because of sarcomere shortening resulting from intracellular changes in the 

configuration of titin, the major passive load-bearing protein within the muscle fiber. 

However, subsequent studies found that the sarcomere is lengthened in patients with 

contracture [24 25]. Also, the titin isoform and passive mechanics of individual muscle 

fibers are unaltered in spastic muscles, although muscle fascicles are stiffer [26], suggesting 

that passive stiffness may arise from alterations in the extracellular matrix (ECM).

The thickness of the ECM is increased in chronically spastic muscles, particularly the 

endomysium, perimysium, and epimysium that are made up of collagen (types I and III) [27] 

(Figure 3). Therefore, fibrosis and contracture were thought to produce muscle stiffness. If 

so, one would expect spastic muscle bundles to generate higher tension relative to normal 

muscle bundles. Surprisingly, spastic muscle bundles showed significantly lower tension 

(tangent modulus) than non-spastic muscle bundles [28]. Recent studies do not support a 

role for increased content and disorganization of collagen in muscle stiffness, although they 

have been the prime contenders for the development of passive muscle stiffness [29 30]. 

Thus, the precise non-neural mechanisms of muscle stiffness are still not fully understood.

An alternative explanation: the hyaluronan hypothesis.

We proposed that hyaluronan, a non-sulfated high molecular weight glycosaminoglycan 

(GAG), and a major component of the ECM surrounding the endomysium, perimysium, and 

epimysium [31], which normally provides lubrication to facilitate sliding and myofascial 

force transmission within and between muscles [32], could potentially contribute to muscle 
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stiffness after cerebral injury. This hypothesis was based on three main findings. First, 

muscle fiber atrophy after upper motor neuron injury in the context of paresis, leads to a 

relative increase in the proportion of the ECM [33 34], which could be occupied by 

hyaluronan [35]. Second, immobilization of the ankle joint in rats led to increased 

hyaluronan accumulation in the soleus muscle after four weeks (Figure 4), around the 

endomysium and perimysium, which was hydrolyzed with Streptomyces hyaluronidase [36]. 

After 12 weeks the endomysium also thickened (Figure 5). Third, at high concentrations, 

hyaluronan and protein-crosslinked assemblies of hyaluronan, aggregate [37] and 

dramatically increase the viscoelasticity of the ECM [38]. These large aggregated molecules 

cannot be cleared particularly when mobility is reduced. Thus, hyper-viscous hyaluronan in 

the ECM can cause the muscle fibers and fascicles to stick to one another, reduce gliding 

during movement, and increase muscle stiffness (Figure 6).

Preliminary evidence for the hyaluronan hypothesis and an emerging 

treatment

Human recombinant hyaluronidase (Hylenex, Halozyme Therapeutics, Inc.) is commercially 

available, safe in children and adults, and FDA-approved since 2005 for use as a tissue 

permeability modifier. It is currently indicated as an adjuvant in subcutaneous fluid 

administration for achieving hydration, to increase the dispersion and absorption of other 

injected drugs, and in subcutaneous urography for improving resorption of radiopaque 

agents.

In our recent retrospective case series [39], twenty patients with unilateral upper limb 

spasticity of cerebral origin received off-label injections of human recombinant 

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 in more than one 

joint, defined by Modified Ashworth Scale (MAS) score >2. The dose ranged from 450–600 

units of hyaluronidase (3–4 vials of 150 units/mL) diluted with normal saline in a 1:1 ratio 

and given in multiple synergistically acting muscles (Figure 7).

There were no clinically significant adverse effects related to the treatment. Patients’ passive 

and active range of motion was evaluated pre- and post-injection to assess clinical response 

to treatment. Passive movement at all joints, and active movement at most joints increased 

within 2 weeks post-injection (T1), and persisted at 4–6 weeks post-injection (T2), and 3–5 

months post-injection (T3) for most joints (Figure 8). There was a delayed increase in active 

elbow extension and forearm pronation, suggesting a possible interaction with neural 

mechanisms and motor learning. 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, suggesting that this 

was a clear effect of the injections (Figure 9). 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 hyaluronidase injection can reduce muscle 

stiffness and increase passive and active movement in multiple upper-limb joints of patients 

with chronic spasticity.
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Summary

Although spasticity develops as a result of neural mechanisms, muscle stiffness in spastic 

patients may occur as a result of peripheral non-neural mechanisms. The hyaluronan 

hypothesis postulates that the accumulation of hyaluronan within the ECM of muscle may 

lead to muscle stiffness. In a retrospective case series we found that injections of 

hyaluronidase into upper-limb muscles not only decreased muscle stiffness and increased 

passive movement but also increased active movement [39], providing preliminary evidence 

for the hyaluronan hypothesis. Increased levels of hyaluronan have also been shown to 

precede fibrosis in several organs [40–44]; therefore, hydrolysis of hyaluronan by 

hyaluronidase in muscle may potentially stop the progression to fibrosis, contracture, and 

disability. Confirmation of the findings and elucidation of the underlying mechanisms will 

result in a new treatment for a major disabling problem. A better understanding of the 

mechanisms underlying muscle stiffness, and the basis for treatment with hyaluronidase, can 

potentially transform clinical practice for the treatment of muscle stiffness after neurological 

injury. Other treatments may also target this mechanism and future studies may lead to 

elucidation of these treatments.
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Key Points:

• Neural mechanisms of spasticity do not fully explain the motor dysfunction in 

patients with spastic disorders.

• Peripheral non-neural mechanisms are not fully understood.

• The hyaluronan hypothesis postulates that the accumulation of hyaluronan, 

which functions as a lubricant in the extracellular matrix of muscle, may lead 

to the development of muscle stiffness.

• Hydrolysis of the accumulated hyaluronan may be safely achieved using local 

injections of the enzyme hyaluronidase to reduce muscle stiffness and 

increase both passive and active motion.

• Hyaluronidase is a potential emerging treatment for the management of 

patients with spastic movement disorder.

Raghavan Page 8

Phys Med Rehabil Clin N Am. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Central nervous system injury disrupts inhibitory descending pathways controlling spinal 

stretch reflex excitability. A = Corticobulbar fibers; B = Dorsal reticulospinal pathway; C = 

Loss of all supraspinal control.

From Sheean G. The pathophysiology of spasticity. Eur J Neurol 2002; 9 (Suppl. 1); 3–9; 

with permission.
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Figure 2. 
Increased slope of the passive length-tension curve at faster speeds in spastic muscles (b) 

compared to non-spastic muscles on the unaffected side (a).

From Hufschmidt A, Mauritz KH. Chronic transformation of muscle in spasticity: a 

peripheral contribution to increased tone. J Neurol Neurosurg Psychiatry 1985; 48;7;676–

685; with permission.
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Figure 3. 
Chronically spastic muscles show increased endomysial and perimysial thickness that stain 

for Type 1 and Type 3 collagen suggesting fibrosis.

From de Bruin M, Smeulders MJ, Kreulen M, et al. Intramuscular connective tissue 

differences in spastic and control muscle: a mechanical and histological study. PLoS One 

2014;9;6; e101038; with permission.
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Figure 4. 
Sections of soleus muscle in 12-week-old rats showing accumulation of hyaluronan (stained 

brown with Hyaluronic Acid binding protein) compared with control animals (A) after 4-

weeks of immobilization (B), which was hydrolyzed after treatment with Streptomyces 

Hyaluronidase (C).

From Okita M, Yoshimura T, Nakano J, et al. Effects of reduced joint mobility on sarcomere 

length, collagen fibril arrangement in the endomysium, and hyaluronan in rat soleus muscle. 

J Muscle Res Cell Motil; 2004;25;2;159–66; with permission.
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Figure 5. 
Scanning electron micrographs showing gradual thickening of soleus muscle endomysia 

compared with control animals (A) after 2 weeks of immobilization (B), after 4 weeks of 

immobilization (C) and particularly after 12 weeks of immobilization (D).

From Okita M, Yoshimura T, Nakano J, et al. Effects of reduced joint mobility on sarcomere 

length, collagen fibril arrangement in the endomysium, and hyaluronan in rat soleus muscle. 

J Muscle Res Cell Motil; 2004;25;2;159–66; with permission.
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Figure 6. 
The hyaluronan hypothesis. The dark patches represent aggregates of hyaluronan. Injection 

of the enzyme hyaluronidase can potentially hydrolyze the hyaluronan deposits, and restore 

sliding of the muscle fibers and fascicles.

Courtesy of Dr. Susie Kwon, MD, NY, New York.
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Figure 7. 
Common sites of injection with hyaluronidase.

From Raghavan P, Lu Y, Mirchandani M, et al. Human Recombinant Hyaluronidase 

Injections for Upper Limb Muscle Stiffness in Individuals with Cerebral Injury: A Case 

Series. EBioMedicine; 2016;9;306–313; with permission.
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Figure 8. 
Active and passive range of motion at T0= pre-injection, T1= within 2 weeks post-injection, 

T2= within 4–6 weeks post-injection, and T3= within 3–5 months post-injection.

Data from Raghavan P, Lu Y, Mirchandani M, et al. Human Recombinant Hyaluronidase 

Injections for Upper Limb Muscle Stiffness in Individuals with Cerebral Injury: A Case 

Series. EBioMedicine; 2016;9;306–313; with permission.
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Figure 9. 
MAS score across all the upper limb joints.

Data from Raghavan P, Lu Y, Mirchandani M, et al. Human Recombinant Hyaluronidase 

Injections for Upper Limb Muscle Stiffness in Individuals With Cerebral Injury: A Case 

Series. EBioMedicine; 2016;9;306–313; with permission.
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