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ABSTRACT

Two subject groups, seven PPS (4 males, 3 temales) and 15 normal controls (9
females. 6 males) were matched on the basis of age, herght and weght and participated
in this study. Three repeated measwmements weie conducted to evaluate the wehabality of
isokinetic measurement of strength (at 4 velocities) and fatgabihity (25 reaiprocal
contractions at 3.14 rads s'")  Data from two subsequent test days were used to evaluate
the fatigue responses of the PPS subjects while ON o1 OFF pyridostigmie  Significant
strtength differences were seen between the two groups, however there was no observed
difference n the rate of development of fatigue Reliability of stiength was demonstiated
for the knee extensors and flexors ot the PPS subjects after thice consecutive test days
Fatigability of the knee extensors in PPS subjects could be tested reliably atter thiee test
days but more time would be required for rehiable performan.e of the knee tlexors
Reliability of strength and fatigability was seen tor both the knee extensor and Hexors of
the normal controls after only two consecutive test days. A beneticial ettect of the drug
on fatigability was not seen in the three female PPS subjects, but was demonstrated moone
male subject. The drug appeared to have a beneficial effect on strength in the remaning

three male subjects.



Cette ¢tude utihise deux groupes de sujets, sept sujets ayant le SPP (4 hommes, 3
femmes) et 15 contrdles normaux (9 femmes, 6 hommes) comparables en dge, grandeur
ct poids Trois iépétitons des mesures ont ¢té faites pour évaluer la reproduisibilité des
mesures 1sokinétyues de force (a 4 vitesses angulaires) et de fatigabilité (25 contractions
alternatives & 3.14 rad.s™'). Les donnés de deux jours de test subséquents ont été utilisées
pour ¢valuer les réponses de fatigue des sujets PPS alors qu’ils prenaient du
pyndostigmine ou non. Des différences signitrcatives ont été observées au niveau de la
force entie les deux groupes  Pour ce qui est du taux de dévéloppement de la fatigue,
toutetors, aucune différence n’a été obtenue.  La reproduisibilité de la force a été
démontiée pour les extenseurs et fléchisseurs du genou chez les sujets PPS apres trois
Jjours consécutifs. La faugabilité des extenseurs du genou des sujets PPS a pu étre testée
de fagon fiable lors de trois jours, mais plus de temps serait requis pour une performance
teproduisible des tléchisseurs du genou  La reprodwsibilité de la force et de la fatigabilité
a ¢t¢ observée pour les extenseurs et les fléchisseurs du genou apres seulement deux jours
consécutits chez les contidles normaux.  Un effet bénéfique du médicament sur la
fatigabilité n’a pas été vu chez les trots sujets fémins PPS, mais a été démontré chez
un sujet masculin. Le médicament a semblé avoir un effet bénéfique sur la force chez

les trois autres sujets masculins.




LO INTRODUCTION

Atter 20-40 years or functional stability, approsimately 25 S0 of pataly tic polwo
sutvivors, are presenting with the symptoms of post-pohomvelitis syndiome (PPS)
Fatigue, new muscle weakness and pam are the thice primary symptoms  Fatipue 18
reported by approximately 80% of paticats, The etiology and pathogenesis of PPS
remains unknown Early aging and overuse of enlarged, remnervated motor umits may
result in neuromuscular synaptic ttansnssion defects, which can lead to the development
of muscle fatigabihity and generalized fatigue  Loss of ternunal avonal endimps s part of
an ongoing denervation process which may underhie the development of new muse le
weakness. Management focuses on treatment of the svimptoms  The use of tadiional
exercise traming to mncrease sttength and endurance may not be approprate for all
patients with PPS. In the case of necuromuscular fatgue, pharmacological management
is an alternative. Clinical trials of pyndostignune to reduce neuromuscular tatigpue have
shown positive results in the ncuromuscular disorder of myasthema gravis (Engel, 1987),
and most recently, PPS (Trojan and Cashman, 1989) However, no quantitative measures
of neuromuscular fatigue in persons with PPS have yet been obtained and these are
essential in order to evaluate the effectiveness of this medication

It is important to quantify reliably changes in the physical health of patients with
PPS so that progression of the disease can be monttored and treatment outcomes can be
measured. It has not been shown that PPS subjects difter from asymptomatic pohio or
normal subjects in terms of longitudinal changes in strength over tme (Agre, 1991,

Dalakas, 1988; Munsat et al. 1984). Neuromuscular fatigue has been the subject of much



rescarch an normals but few studies have investigated the reliability of fatigue testing
protocols. Morcover, there is a need for a clearer understunding of what fatigue in PPS
1s and how to rehiably test and measure it.

The reltability of strength testing has been studied extensively in normal subjects
and 1n some patient populations, but not in PPS  Strength was measured first to provide
information on the force-velocity curves of PPS subjects (4 test velocities) which was
needed 1n order to determie 1f a fatigue protocol performed at 3.14 rads.sec”’ would be
feasible and well tolerated by PPS subjects. Once isokinetic strength testing was shown
to be reliable and well tolerated by the subjects, an isokinetic fatigue protocol was then
tested.

Researchers have used 1sometric and isokinetic fatigue protocols to study fatigue
in human quadriceps muscle (Bigland-Ritchie et al. 1978; Gandevia and McKenzie, 1988;
Newham et al 1991). However, only a few studies have examined the question of
tchability of the fatigue protocols of ankle (Thomas et al. 1987) and shoulder (Gerdle et
al 1989) muscles. Relability of fatigue testing on patient populations remains to be
mvestigated. An 1sokmetic protocol was chosen to evaluate fatigue because it is dynamic
and more tunctional than an isometric test. In addition, previous studies which have
used submaximal isometric protocols have not been able to distinguish PPS subjects from
notmal controls in terms of the rate of development of neuromuscular fatigue (Rodriquez
and Agre, 141

Therefore, the objectives of these studies were as follows: Study #1 a) to evaluate

stiength objectively and reliably in PPS subjects compared to normal controls. Study #2



a} to develop an 1sokmetic fatigue protocol which would quantify neuromuscular tatigue
reliably 1 subjects with PPS, contrasted to normal controls, b) to assess the senstiivity
of such a protocol to differentiate PPS fiom normal controls and ¢) to evaluate the etfect
of pyridostigmine on newromuscular fatigue i PPS subjects This thesis s divided
into two main sections. The first part 1s the review ot the hteratuwie ‘The second part s
the Methods, Results and Discusston contained within two atticles, The fust atticle s on
the reliability of isokinetic evaluation of strength in a sample of sulyects with post
poliomyelitis syndrome (PPS) (Kiltfoil and St.Pictie, 1992, 1 press)  The second aiticle
involves a sample of subjects with PPS contrasted to normal control subjects This article
addresses the development of a reliable, dynamic 1sokinetic tatigue protocol, which i tum
is used to differentiate fatigability in subjects with PPS versus normal contiols and to
determine differences in fatigability of PPS subjects while ON or OFF the medication,
pyridostigmine.

"The candidate has the option, subject to the approval of the Department, of
including as part of the thesis, the text, or duphicated published text, of an ongmal paper,
or papers. In this case the thesis must still conform to all other requiremients explauned
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data as well as descriptions of equipment) must be provided in sutficient detml (¢ g om
appendices) to allow a clear and precise judgement to be made of the importance and
originality of the research reported. The thesis should be more than a mere collection of

manuscripts published or to be published. It must include a general abstract, a full

introduction and literature review and a final overall conclusion Connecting texts which
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2.0. REVIEW OF THE LITERATURE

2.1 Poliomyelitis (Polio)

Paralytic pohomyelits (polio) is an acute febrile illness which tesults
neuromuscular dysfunction  Reports of polio fust appeared in the medical hiteratue i
the 1840°s. It first appeared as an epidemic 1llness in northern Ewope and North Amenica
at the end of the nineteenth century. In the mitial polio eprdemics, up to 1910, childien
(0-4 years) were affected most, with males under the age of 15 being attected more than
twice as often as females (Weinstein, 1957). The later eprdenucs, with a peak madence
between 1952-1955, also affected adults and the severity of the discase mcieased with
increasing age of the patient (Halstead et al. 1985; Varughese etal 1989)  According to
the National Centre for Health Statistics in the United States (US), there were more than
640,000 people alive 1n 1987 with a history of paralytic polio (as cited by Halstead et al
1990 in Munsat, 1991). These figures indicate hat polio is the second most common
cause of disability after stroke (Halstead et al. 1990 in Munsat, 1991) Sl
comprehensive statistics have not been compiled for Canada, but it 15 behieved to be
approximately 10% of the absolute US figures, and hence the same madence. 'The
province of Manitoba registered 1540 hospital admissions for cases of paralytic polio
between 1950-1959 (Alcock et al. 1984; Kaufert et al. 1985). Lattle 15 known about the
incidence in other provinces.

In 1955, the Salk (inactivated) polio vaccine was introduced followimng the Francis
field trial. In late 1961, the Sabin (live attenuated) oral vaccine was mtoduced  The

vaccines were and are effective means of preventing paralytic polio infection (I'mbury,



19¥3)  Current immunization coverage for the three poliovirus serotypes with oral polio
vacemne i the US and Canada 1s 97% and 85%, respectively. Sice 1989, 12.247 cases
of poho were reported worldwide (Appendix A). The WHO 1s developing a global plan
of immunization with a goal of 90% coverage by the year 2000, as well as disease
cradication imtiatives throughout the 1990°s (Melnick, 1992). In recent years, in
developed countries, sporadic cases of polio caused by reactions to vaccinations with
mutated forms of the attenuated form of the live polio vaccine (Sabin) have been reported
(Varughese et al. 1989, Van Wezel, 1981; Wiechers, 1988; WHO Statistics). Secondary
infections may result from centact of unprotected or immune-compromised individuals
with recently vaccinated infants or children (< 10 years of age). In developing countries
with temperate climates, the live-attenuated vaccine, even when given as a full course of
immunization, 1s associated with lower rates of successful immunization than the oral
vaccme. This is due in part io the lability of the vaccine if not properly refrigerated, but
also because of interfercnce by other enteroviruses prevalent among the populations of
these countries (Salk et al. 1981). Since the virus is most commonly spread by an fecal-
oral toute, secondary infections are influenced by such factors as family crowding,
hygene and sanitation conditions (Timbury, 1983). The WHO cautions that even in
countiies where polio has been eradicated, imported cases of wild poliovirus from
endemic regions in othe  countries may occur, and continued surveillance and complete

immunization with the oral polio vaccine is recommended.



2.1 a) Etiology

Polio 1s caused by distinct RNA prcornaviruses. of which thete are thice mayor
serotypes (LI and 11D (Kitamura et al 1981). The viruses are neutottopie and can pass
across the blood-bramn bartier to attack the antenor hotn cells of the spmal cord,
especially the lumbosacral and cervical enlargements (Timbuy, 1983)  They may atfect
the motor nerve nuclei of the bramstem and can intiltiate the retculin tormation i the
medulla, pons and midbrain. Cerebellar, thalanuc, hypothalanuc and precential moton
cortex cells may be affected, whereas the white matter 1s unaftected (Bodian, 1948, 1919,
Nathanson and Martin, 1979). Epdemics of the Type | vitus are the most common
Both of the polio vaccines contain each of the three serotypes of the poliovirus (Timbuy,

1983).

2.1 b) Pathogenesis

Research on the pathogenesis of polio has been conducted on monkey., and tissues
from captive-bred monkeys were used for the development and control of the production
of polio vaccines (Van Wezel, 1981). Humans arc the major natural host for the
enteroviruses, of which the poliovirus, with 1ts three serotypes, 1s the most common  The
enterovirus enters the host via the mouth and undergoes s fust ephcation n the
epithelium and lymphoid tissue of the upper respuatory and gastromtestinal tracts. The
virus can reach, via the bloodstrean, sites other than the bram and spmal cord such as the
heart, liver, pancreas, lungs, vascular endothchium (Timbury, 1983). The sites infected
depend on the particular strain and trophism of the virus. ‘The virug, m the process of

replication, will cause cell necrosis in the affected tissues. The early antibody response



is mediated by immunoglobulin M, which is replaced within 6-12 weeks by
immunoglobulin-G antibodies  Termination of the viral infection depends on antigen-
antibody nteractions and persistence of the poliovirus can be detected in immune-
compromised individuals (Joklik et al. 1988).

There ate two types of acute polio, non-paralytic and paralytic. As many as 90%
of persons ifected with the poliovirus may show only mild signs of an acute systemic
infection e¢.g. fever, general malaise, diarrhea and loss of appetite. Progressive paralysis
does not develop, and recovery without residua occurs within days (Halstead et al. 1985).
These cases are conswdered to be non-paralytic.  Cases of transient weakness or mild
paresis of less than seventy-two hours duration are also considered to be non-paralytic
(Codd et al. 1985).

The cases of paralytic polio present with the febrile illness but, within days,
develop signs of meningeal irritation (headache, neck stiffness and vomiting) and rapid
progressive motor weakness associated with hypo- or areflexia. Sensory function is
preserved  (Timbury, 1983).  The pattern of weakness may be symmetrical or
asymmetrical producing a mono-, para-, hemi- or quadriparesis or paralysis. Patients who
survive the acute mfection will have a period of stable paralysis which may last for days
or weeks.  After this time, recovery from the paralysis will proceed slowly over a period
of 3 months to 2 years post-infection (Dalakas et al. 1986).

2.1 ¢) Pathology
The extent of residual paralysis depends on the number of motor nerve nuclei

aftected directly by the virus. If the virus has destroyed the motoneuron’s cell body,



paralysis will be evident due to cell death and Wallenan degencration of the motor axon
and presynaptic ternunal awvons It s aceepted that the ital pohiovius infection nuy
affect from 2-100% of motor nuclei m the bramstem and spmal cord (Johhk et al TU88)
Those motoneurons which do not undergo degencration weil have the capacity to send out
axonal sprouts to remnervate adjacent denervated muscle fibtes (Bodian,  1949),
Sprouting will be maximal within 2-18 months (Wiechers, 1988)

In the early stages of polio a dectease in the observed number of motor unit action
potentials confirms the existence of alplia motonewonal cell death  ‘The subsequent
mcrease in their amplitude and duration m response to stunulation mdicates  that
reinnervation has taken place through collateral sprouting (Buchtal and Honcke, 1944,
Single fiber electromyography (SFEMG) studies reveals an increased fibre lensuty, further
suggesting an enlarged motor unit. This process ot collateral sprouting by termimal axonal
endings in polio has been confirmed 1 laboratory models as well (Pestronk et al T9¥(0;
Tomlinson and Irving, 1977) Muscle biopsies taken from laboratory models of poho
showed small angular fibres and hypertrophic fibres which may be mdicative that some
muscle fibres remained denervated, while others hypertrophied in response to an increased
workload.

Electrophysiological signs of denervation m acute polio were recorded  as
spontaneous activity (positive sharp waves) and fibrillation potentials.  As successful
reinnervation occurred through sprouting, these signs decreased (Bodian, 1949)
Furthermore, these abnormal electrophysiological findings characteristic of the acute phase

of polio have been verified by recent sollow-up studies of persons who contracted polio
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directly or idirectly through vaccination (Wiechers, 1988).

The motoneuron population of the brainstem and spinal cord of paralytic polio
smvivor could theoretically be made up of 1) motoneurons which were unaffected, or
partially affected by the viral infectien, and now through collateral sprouting support
enlarged motor umt territonies with increased metabolic demands and 2) motoneurons
which have not recovered completely and can innervate only a smaller number of muscle
tibies (Bodhan, 1948, Dalakas et al. 1986; Tomlinson and Irving, 1977).

Although cases ot polio continue to occur, predominantly in developing countries,
polio as a health care problem in developed countries was nearly forgotten until the
recognition of the sequelae to the poliovirus infection, now known as post-polio syndrome
(PPS). Al suvivors of patalytic polio comprise a population of persons "at risk" to
develop PPS (Halstead et al. 1985).

2.2 Post-poliomyelitis Syndrome (PPS)

2.2 a) Definition and Epidemiology

PPS 15 a term applied to a complex of systemic, musculoskeletal and neurological
symptoms seen m approximately 25% (range 20-50%) of persons with a history of
paralytic poho (Codd et al 1985, Halstead et al. 1985). Researchers also use the term,
post-polio progiessive muscular atrophy (PPMA), to apply specifically to the phenomenon
of new muscle weakness in previously affected or unaffected muscle groups (Halstead et
al. 1985; Dalakas, 1986). Those polio survivors who, to date, do not report new health
problems duectly related to thewr earler illness, are referred to as asymptomatic polio

SUIVIVOLS.
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PPS occurs, on average, 35-40 years following the wutial polio virus infection
(Codd et al. 1985; Halstead et al. 1985; Jubelt and Cashman, 1987: Mulder et al 1972),
If there are over an estimated 640,000 individuals m the U'S with a history of paralytic
polio (Halstead et al. 1990 1n Munsat. 1991), and 1t one m tour (Codd ¢t al 1985
Halstead, 1987) of such individuals develops PPS, then there may be more than 160,000
cases of PPS. The incidence of PPS may actually be lugher of one considers those
survivors who are at present asymptomatic and/or have not sought medical attention PPS
appears to be directly related to four main charactenstics of the acute tlness 1, seveuty
of illness necessitating hospitalization, 2. onset at 10 years of age o1 older, 3 need ton
assisted ventilation, and 4. quadriparesis (Codd et al. 1985; Halstead ct al. 1985)

There are three cnteria for establishing the existence of PPS. T prior paralytic
polic confirmed by history, physical and neurological exammation, laboratory and
electromyographic evaluations; 2. partial to maximal neurological recovery tollowed by
a period of neurological and functional stability for 15-20 years; 3. madual o1 abrupt
onset of fatigue, non-disuse weakness ia previously affected or unaffected muscle groups,
or musculoskeletal pain (Mulder et al. 1972).

It is important to realize that fatigue is the most common symptom reported by
over 80%, (range 75-89%), of persons presenting themselves to post-polis chinies
(Halstead, 1987), and neuromuscular fatigue will be the primary focus of this study.
Although fatigue 1s not unique to polio or PPS, there are few studies which provide

reliable definition of fatigue or of its objective measurement in PPS.
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2.2 b) Signs and symptoms

The course of PPS is a slowly progressive one which has the following
charactenstics
1) Psychological:

PPS is a serous medical problem because affected persons face an uncertain future.
Having achieved various levels of recovery from a significant disabling illness, they are
feartul of another deteroration in therr functional abilities and independence (Halstead et
al. 1985)  Chromic stress and anxiety and an individual’s perception of the level of effort
required to perform daily activities may complicate the presence of depression (Bruno and
Frick, 1991)  All of these factors may influence fatigue and may affect the individual’s
ability to cope with and manage their new symptoms (Berlly et al. 1991; Conrady et al.
1989Y).

2) Systemic.

Gieneralized systemic fatigue is a common complaint in 80% (75-89%) of patients
with PPS (Codd et al. 1985; Conrady et al. 1989; Halstead et al. 1985). It is often
described as an overwhelming exhaustion or "polio wall" (Munsat, 1991) which is brought
on by mmimal exertion and interferes with function (Jubelt and Cashman, 1987). Owen
and Jones (1985) attributed fatigue in PPS to a general state of deconditioning. Other
authors point out that fatigue is associated with symptoms of decreased ability to
concentiate, to think cleaily or to temember events. Drowsiness or a decreased level of
alertness has also been reported (Bruno et al. 1991). These authors make the point that

tesidual post-encephalitic lesions in the central nervous system (reticular formation,
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hypothalamus and thalamus) should be considered as possible etiologies of fatigue in PPS
A precise definition of neuromuscular fatigue in PPS 18 necessanly the subject of ongoing
investigation.

3) Respiratory:

Restrictive respiratory function may develop in the presence of respiratory muscle
weakness and associated postural detormities (kyphoscoliosts). Supernimposed respitatory
tract infections may further compronuse pulmonary function and may lead to espiatory
insufficiency (Alcock et al. 1984; Bach, 1991).

4) Neurological:

Impaired axonal or neuromuscular transmission may lead to the onset ol new
muscle weakness and/or muscle fatigability (Jubelt, 1987). Coolness of distal extriemuties,
discolouration and cold intolerance may be due to damage to  sympathetic
intermediolateral columns by the original poliovirus infection (Cashman et al. 1987,
Increased somnolence, dizziness, syncope and headaches may occur in PPS (Halstead et
al. 1985). There have been case reports of dysphagia (Cosgrove et al. 1987; Coclho and
Rerranti, 1991), obstructive sleep apnea or apnea of central origin in persons with a
history of bulbar involvement (Fischer, 1985; Guilleminault and Motta, 1978).

S) Musculoskeletal:

Muscle pain occurs in approximately 50% of persons with PPS, and may result
from only light physical activity (Halstead et al. 1985) Pain of musculoskeletal orgn
associated with joint instabilities secondary to muscle weakness or Ligamentous sprams,

may develop (Perry and Fleming, 1985). It has been proposed that the onginal danage



(Bodian, 1949) to enkephalin-producing cells in the substantia gelatinosa and
pertaqueductal grey regions, may heighten a polio survivor’s sensitivity to pain (Bruno,
1991) New muscle weakness and fatigability commonly occur in muscles affected and
unaffected by the imtial viral infection ‘This new weakness may stem from various
undertying causes, the most likely being ongoing muscle denervation. The greater
suscepubihity to fatigue may be multfactorial as well, with the most likely sites being
presynaptic - As we will see under the etiology and pathogenesis section, evidence exists
for the frailty of ncuromuscular junctions in PPS patients, which could contribute to the
development of new muscle weakness and fatigue.
2.2 ¢) Etiology

Several possible etiologies of PPS have been proposed, and will be briefly
summarnzed 1n the following section.

(1) Chronic_poliovirus infection: It has been hypothesized that the poliovirus may

persist and can possibly lead to the development of the new symptoms of PPS. Evidence
for this 1s based on results of reactivation of the poliovirus in laboratory mice (Miller,
1981). In humans, serum analyses for poliovirus antibodies have not conclusively shown
that symptomatic or asymptomatic polio survivors have higher viral titres (Dalakas et al.
1986; Jubelt and Cashman, 1987). Furthermore, the trigger which presumably reactivates
the virus remans unknown,

(2)  Immunological mechanism: Immunolog:cal mechanisms are known to cause

newromuscular  disease  e.g. myasthenia  gravis (Engel 1980, 1987) and have been

considered as a possible etiology of PPS, as well. Evidence of a lymphocytic response
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was demonstrated in muscle biopsies of a small sample of polie survivors (seven patients
with PPS and six asymptomatic patients) (Dalakas et al. 1986).  However, because
immunoglobulin G oligoclonal bands of cerebrospmal fluid was observed 1 both
groups, it remains uncertain as to the role of mmunological mechanisms in the ctiology
of PPS (Dalakas et al. 1986). Furthermore, other 1esearchers have not been able to
replicate this work and trials of immunosuppiessant therapy have not been cltective
(Halstead et al. 1990, in Munsat, 1991)

(3) Early aging or overuse:

It is plausible that early aging or overuse of motor units could underhie the principal
symptoms of fatigue and new muscle weakness in paralytic polio swivivors Evidence for
this hypothesis must consider what is known about the remnervated motor units m
persons with PPS. As already discussed, it has been shown that after the imtial poliovirus
infection there are motoneurons that may be partially or fully recovered with relatively
normal or greater than normal innervation ratio (Bodian, 1949; Dalakas et al 1980,
Pestronk et al. 1980). The cell bodies may have to support more than five to seven times
the normal number of motor end-plates, and therefore must operate at maximal capacity
in order to sustain the increased metabohic demands (Emarsson et al. 1990)  The axonal
sprouts that occur at an early stage in development may not be stable indefuntely and this
instability may lead to delays or intermittent fatlures of impulse propagation (Cashman
et al. 1987; Maselli et al. 1992, Wiechers, 1988)  Ultimately, because of erither residual
defects in the motoneuron cell’s DNA repair mechanisims, reductions m mRNA, decreased

protein synthesis, or loss of trophic factors, the end-plate may fail completely and the
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muscle fiber becomes denervated (Dalakas et al. 1986). The loss of muscle fibers within
a 1emnervated motor unit is substantiated by macro-EMG studies of polio survivors,
which have shown i decrease in amplitude of the signal (Wiechers and Hubbell, 1981;
Wicchers, 1988)  This resultant denervation of myofibers may lead to a disproportionate
loss of motor function, Munsat (1991) has used the term a "crash effect” to describe what
happens when enlarged motor units reach or exceed therr metabolic reserves or ability to
sprout and to reinnervate neighbouring muscle fibers.

This farlure of synaptic connection has been hypothesized to be accelerated by
overuse  The degree of functional recovery, the weight-bearing function of the lower
extiemities, or the possible harmful effects of exercise have been considered overuse
factors which could contnibute to the development of PPS (Perry et al. 1987; Speier et al.
1985) It 1s known that the new weakness of PPS occurs more commonly in muscles
atfected by the onginal vinal infection (Codd et al. 1985; Halstead et al. 1985; Jubelt and
Cashman, 1987)  Furthermore, muscle groups which are active during weight-bearing
activities have been observed to develop new weakness more often and more severely
than muscles which ~-e not used for weight-bearing activities (Maynard and Roller, 1991;
Windebank et al 1991)  The effect of exercise training in PPS remains controversial
(Bennett, 1958; Matchell, 1953). On the one hand, muscles may already be functioning
near their maximum potential, and would not be able to adapt to a further increase in
wotkload  Evidence for this comes from studies on partially denervated muscles in
ammmals  Herbison et al. (1973) reported pathological evidence of muscle damage (e.g.

tiber sphtting o1 necrosis) which was associated with the intensity and duration of
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exercise. He proposed that exercise may be deleterious to the 1ecovery of function
partially denervated muscles The same hypothesis has been suggested to apply in PPS
as well. On the other hand, other authors have argued for the benetical ettects of non-
fatiguing but progressive strengthemng exetcise programs, or aetobic and mobihity traming
programs to imptove muscle function (Dean and Ross, 1988 Feldman and Soskolne,
1985; Grimby et al. 1989; Gross and Schuch, 1989, Jones et al, 1989, Munm ¢t al. 1991,
Twist, 1987). Further studies which use moie objecuve and elable outcome
measurements are required before the effects of exercise trammg can be deternuned.
Other researchers have considered whether motor unit dystunction i PPS could
be explained by early aging. It is known that the number of motor units decreases in
normal aging humans by the sixth (McComas et al. 1973) or seventh (Tomhnson and
Irving, 1977) decades. It has been hypothesized that these ncrmal age-refated changes
could underlie the occurrence of PPS. However, the mmportance ol aging o the
pathogenesis of PPS remains controversial. Dalakas ct al. (1980), obseived a 1% per
annum decline in strength in symptomatic polio survivors, less than 60 ycars of age,
which 1s not significantly different from the normal rate of agmg. Other authors have
confirmed these findings (Agre and Rodriquez, 1991, Munsat et al. 1984) PPS has been
diagnosed in polio survivors in their 30°s and after the seventh and eighth decades of then
lives (Halstead et al. 1990, in Munsat, 1991) These late occurrences support the
evidence from epidemiological studies which suggests that the length of the mterval
between the acute poliovirus infection and the appearance of new symptoms, and not age,

is the more important factor (Halstead, 1987; Windebank et al. 1991).
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2.2 d) Pathogenesis of PPS

Mechanisms underlying decreased muscle strength in PPS

As previously discussed, abnormal neuromuscular transmission or denervation
could underhe the new weakness and fatigue symptoms which are characteristic of
persons with PPS (Wiechers, 1988).

Muscle strength can be defined as the maximal force or torque that a muscle or
muscle group can generate at a specified velocity (Knuttgen and Kraemer, 1987). It can
he measured under voluntary or electrically elicited conditions. In normal subjects muscle
strength 1s known to decrease with increasing age due to loss of motor units and/or
attophy of the temaining muscle fibers. It increases through high resistance training
(Anmansson et al. 1980; Maughan et al. 1986; Sale et al. 1982; Sale, 1988) and decreases
with inactivity (MacDougall et al. 1980; Robimson et al. 1991; St-Pierre et al. 1987). The
force that a muscle generates is dependent on the size of the muscle fiber and can be
incteased either by recruitment of additional motor units or by increases in the firing rates
of active motor units. Recruitment of motor units, according to Henneman’s size
punciple (1965), miay predominate over rate coding as the mechanism responsible for
incicasing the force output. However, this predominance may depend on the size of the
muscle, on the speed and intensity of the contraction, and on how long the contraction
1s sustained (DeLuca et al. 1982: Bigland-Ritchie et al. 1983). The performance of most
activities of datly hving does not 1equire the use of high-threshold, fast-twitch motor
units

Muscle strength in a patient population, such as PPS, may be influenced by the
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above factors but over time the fewer number of functioning motor umts with unstable
neuromuscular connections may not be able to maintain the enlarged motor unit tertory
produced through reinnervation. The denervation which may tollow will produce muscle
weakness and atrophy.

Evidence of this process of ongoing dencivation and tarlute or imcapactty for
further reinnervation comes from abnormalities such as tibullation and tasciculation
potentials on conventional EMG studies. The occurtence of ntier and bloching with
SFEMG studies, and reductions in the amplitude of macro-EMG measures ot the motor
unit size and density are also signs of denervation of muscle fibers  However, a
significant degree of denervation can occur before muscle weakness will be detected by
manual muscle testing (Brown, 1973; McComas et al. 1973).

Muscle biopsy results from polio survivors has also been used to investigate the
pathogenesis of PPS (Drachman et al. 1967; Poskanzer ¢t al. 196Y9). Loss of mdividual
muscle fibers and evidence of group atrophy (Cashman et al. 1987; Dalakas et al 1Y806;
Einarsson, 1990; Grimby et al. 1989) have been observed. Group atrophy 15 usually
characteristic of loss of the wiiole motor unit. The group atrophy seen i some patients
with PPS could be explained by axonal branch degeneration in an extenstvely branched
motor unit, and not necessarily be due to loss of the whole motor umit (Cashman et al.
1987). These findings were seen 1n biopsies taken from muscles of poho survivors which
were (1) weak secondary to the mitral infection and subsequenty further weakened (2)
spared by the initial infection but later weakened or (3) presumed to be normal. The

presence of small, angulated fibers with immunohistochemical evidence of abnormal
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accumulation of ncural cell adhesion molecule (N-CAM) beyond the motor end-plate
region, and within the cytoplasm of the myofiber and interstitial cells is indicative of
active denervatton (Cashman et al 1987).

Mechanisms underlying increased neuromiscular fatigability:

A conclusive definttion of fatigue does not exist. However, muscle fatigue can
be operationally defined as "a farlure to maintain the required or expected force and
power output” (Edwards, 1984). Fatigue 15 a complex symptom with known central and
peripheral components.  As research on neuromuscular fatigue proceeds, it 1s becoming
more apparent that a systems approach to the multisegmental nature of motor control is
more appropiate It has been pointed out that research on muscle fatigue must focus on
three aspects of the neural control of the motor unit discharge, namely 1) assessment of
the aegree of maxmmal newal drive to the muscle (muscle and artificial wisdom) 2)
assessment of the reflex reduction in motoneuron discharge rate during sustained MVC
(sensory feedback hypothesis) and 3) examination of the plasticity of the relationship
between the motoneuron discharge rate and the amount of force produced (force-
fatigabihity relationship) (Gandevia, 1992; Stuart, 1992).

Fattgue may result from a decreased central drive whicn could result in
submaximal muscular activation. Events at and distal to the neuromuscular junction may
contitbute to penpheral fatigue: 1) instability of transmission in presynaptic terminal
avons 2y reduction m the number of ACh vesicles and n the amount of ACh released into
synaptic clett 3) changes i depolarization of the motor end-plate or in conduction of the

action potential along the sarcolemma 4) alterations in calcium metabolism, release and
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uptake i the transverse tubule system or sarcoplasnue reticulum or 5) changes i the
enzymes of the respiratory chain, m the contiacule protemns, o1 i the cross-budge cychng
rate (Bigland-Ritchie et al. 1983; Edwards. 1983, 1984,

Techmques are now available which pernut the differentiation ot cential from
peripheral mechanisms of fatigue: The twitch mterpolanon techmque (TIT) (Metton,
1954) and the comparison between the fatiguc-induced decicase m voluntiy versus
electrically evoked contractions (Newham et al. 1991) These techmques have been used
by various researchers to investigate neuromuscular fatigue mechanisms m small, mitrimsic
hand muscies (Bigland-Ritchie et al 1978, 1986, Bellemare et al 1983, Gandevi and
McKenzie, 1988) and m large limb muscles (Bigland-Ritchie ¢t al 1983) and
respiratory muscles (Bellemare and Grassino, 1982). Some contiadictory results have
come from research employing different fatigue protocols (Belanger, 1981)  However,
most of the available evidence suggests that, although cential fatigue may occur,
peripheral factors are predominant (Edwards, 1984; Bigland-Ritchie et al. 1978, 1983).

It is of interest that earlier research has shown that a decline in surface
electromyographic (EMG) activity can be scen m sustuned maxinum voluntary
contractions (MVC) in humans (Thorstensson and Karlsson, 1976) and with electiacal
stimulation in animal models. A muscle under study may be fully activated voluntanly
but signs of fatigue would eventually ensue with the subject no longer being able to
maintain the force output despite evidence of maximal central activation It has also been
shown that a progressive decrease in firing frequency of motor units which paralieled the

decrease in contractile speed during the MVC’s may occur (Bigland-Ritchie et al. 19¥1,
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1092)  “This change 1in motoneuron activation was thought to be a compensatory
mechanism to avoid fatigue. However, the precise link between motoneuron excitation
and feedback from the muscle 1s the subject of ongoing research (Bigland-Ritchie et al.
1992; Edgerton et al. 1980, Enoka et al. 1988, 1992).

As these techniques have not been used in PPS, little is known about the
impottance of cenual or peripheral fatigue i this patient population. The perceived
effort, motivation, and the presence of pain or depression are factors which influence
central fatigue It 1s also mmportant to remember that it may be difficult for subjects in
chimical studhes to distinguish between muscle pain and fatigue symptoms. In addition,
vaniabihty of fatugue symptoms within a subject over the course of a days activities and
between subjects must be controlled for. Nevertheless, to date, investigations of the most
likely cause of neuromuscular fatigue in PPS is the presence of altered neuromuscular
transnusston properties.  But the precise location of the defect, either in the terminal
axonal sprouts o1 1n the synaptic cleft or motor end-plate remains to be determined.

Evidence for the frailty of neuromuscular junctions in PPS patients comes from
clectrophystological studies which include conventional EMG and SFEMG. Conventional
EMG observations of reduced motor unit action potentials in response to repetitive
stimulation 15 suggestive of neuromuscular transmission defects. The SFEMG technique
pernuts extracellular recordings of abnormal "jitter" and blocking in motor units
(Cashman et al. 1987; Dalakas et al. 1986; Stalberg et al. 1975; Wiechers and Hubbell,
1981; Wiechers, 1988). Jitter 1s a measure of the variability of the time interval between

two muscle fiber action potentials from the same motor unit and reflects variability in
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synaptic transmission rates. Blocking is a complete failme or  mtenuption of
neuromuscular transmisston of the nerve action potentral to the muscle membrane The
presence of these abnormalities 1s evidence that the calarged motor untts are not stable
indefinitely (Wiechets, 1988) The same author reported that an increase moptter and
blocking was related to a longer time inferval since the onigmal pohovitus infection
These findings were seen in both symptomatic and asymptomatic paralytic poho survivors
(Cashman et al. 1987; Wiechers and Hubbell, 1981) Howcever, ptier and blockmyg were
greater in symptomatic patients, and greater in those symptonutic patients with a
significant time lapse since the inttial 1llness. Macro-EMG studies of polio survivors have
shown that the decrease in amplitude of the signal 1s due to oss of muscle fibers within
a motor unit (Stalberg, 1980, 1990; Wiechers, 1988) Recent work on symptoraatic
patients has revealed a positive correlation between impaired newromuscular transnussion
(increased jitter on SFEMG), increased fiber density on macro-EMG and fiber type
grouping on muscle biopsy. However, these findings do not confum the presence or
absence of new symptoms (Maselli et al. 1992).

Animal studies have shown that partial denervaton 1s associated with a relatively
high proportion of type I or slow-twitch motor units (Miller, 1981) PPS 1v a human
model of partial denervation with ongoing reinnervation through collateral sprouting
which results in fewer but enlarged motor umits.  Controversy exists about the
predominance of one fiber type or another in subjects with prior polio who may or may
not have developed new symptoms of PPS (Dalakas et al 1986, Einarsson et al 1990).

Research has shown that the enlarged motor unit ternitories may be more susceptible to
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fatigue and that the enlarged motor unit may be a less efficient mechanical unit (Milner-
Brown ctal. 1974) Some possible factors which may contribute to this mefficiency and
preater susceptibility to fatgue may include. 1) loss of neutotrophic ntluence on
individual muscle fibers within the enlarged motor unit territory, or 2) the presence of
connective tissue batriers which limit reinnervation and may lead to impaired metabolism
o1 3) farlure of neuromuscular transmission and excitation of muscle fibers. In addition,
the fibrotic changes associated with atrophy may reduce the efficiency of the contraction,
predisposing the muscle to fatigue

In summary, data from electrophysiological studies and muscle biopsies suggest
that tatlure of synaptic connections or fallout of terminal axons may underlie the
occurrence of PPS. However, it 1s not possible, at present, to distinguish unequivocally
between symptomatic and asymptomatic polio survivors, and until this is possible, the
ctiology and pathogenesis underlying PPS remains elusive.

2.2 ¢) Clinical Management of PPS:

Clintcal management 1s aimed at the three most common neuromuscular sequelae
of polio. musculoskeletal pam, weakness and fatigue.

Musculoskeletal pain symptoms are usually managed pharmacologically with non-
steroidal anti-inflammatory medications (e.g. Naprosyn® or Voltaren®) (Jubelt and
Cashman 1987). In the context of fibromyalgia symptoms, low doses of the anti-
depressant amtryptiliine (Elavil®) have also been shown to be useful (Cashman, personal
commumecation, 1991). Musculoskeletal pain due to abnormal biomechanics of joints and

muscles can be relieved, in part, by the prescription of apprepriate orthotics «.:1d mobility
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aids (Agre and Rodnquez, 1990; Perty et al. 1987)  Pain is known to mhibit muscle
contractile force, so its influence must be monttored (Arvidson, 1987)

Muscle weakness may be due to carly aging and overuse of motor units, or due
to muscle disuse. Because the ctiology of PPS v unknown, the use of stiengthening
exercises in the treatment of persons with PPS 1s controversial.  Father rescarchers
concluded that strengthening of partially denervated muscles i pohlo survivors resulted
in further weakness (Bennett and Knowlton, 1958; Mitchell, 1953), Eatly expermmental
work with a rat model of partial denervation suggested that damage could result trom
overuse of a hmited number of motor units (Hetbison et al 1973y On the other hand,
clinical studies on persons with PPS and other forms of parnal denervation (e p.
amyotrophic lateral sclerosis, neuropathies and peripheral nerve lesions) have suggested
that strengthening exercises (brief 1sometric o1 isokinetic exercises) may result an
improvement of strength (Einarsson, 1991; Feldman and Soskolne, 1985; Gross and
Schuch, 1989; Owen and Jones, 1985). Other traming progiams to improve acrobie
capacity or mobility of persons with PPS have been examined, but only i case studies
(Dean and Ross, 1988; Twist and Ma, 1986). The question of whether exercise improves
or worsens muscle function in PPS remains unanswered. Further studies with relrable and
objective measures of strength and fatigability are required

Fatigue symptoms can be managed conservatively by modifications in a patient’s
daily activities (ADL). They can be advised to reduce the intensty of therr physical
activity (e.g. work or exercise) and to interspe.se frequent rest periods in an ¢ftort to

prevent the onset of this disabling symptom which interrupts thesr function and ability to
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sustain an activity  For those patients 1n whom generahzed fatigue is of primary concern,
who display localized muscle fatigability on chinical examimation and for whom
conservative measures are inadequate, pharmacological management may be considered
(Troyan and Cashman, 1989).

Anticholinesterase agents, such as pyridostigmine bromide, block the hydrolysis
of acetylcholine (ACh) by acetylcholinesterase (AChE) at the neuromuscular junction and
thus mamtains the amount of ACh 1n the synaptic cleft for a longer effective time period
(Goodman ctal 1985). Thrs diug has also been shown, in amimal studies, to increase the
altmity ot end-plate 1eceptors tor ACh Pyridostigmine bromide has been shown to alter
the contractile properties of rat skeletal muscle which return to baseline within 1 day of
withdrawal of the drug.  In addition, the drug, as administered 1n this study, did not
appear to have a cumulative, desensitizing effect on ACh receptors (Adler et al. 1992).
However, m humans 1t has been shown that the factors of decreased sensitivity of ACh
teceptor to ACh, structural changes in motor end-plates, or variation in drug absorption
and renal excretton may affect the drug’s therapeutic level and function (White et al.
1981)  Pyndostigmume has been used effectively in the treatment of post-synaptic
dysfunction of acetylcholine receptors in myasthenia gravis (Engel, 1987). Clinical trials
on larger samples of PPS has been proposed to verify the drug’s efficacy in individuals
with PPS. Side effects are most acute upon initiation of the drug, and include diarrhea,
gasttomtestinal cramps, increased urinary frequency and blurred vision. These side effects
can be well-controlied with muscarinic anticholinergic agents such as oxybutynin chloride

ot propantheline bromide (Trojan and Cashman, 1989; Goodman et al. 1985). To
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mininize the mcidence of side effects. the symptomatic pohe subjeets are mitally
prescribed 30 mg once duly  This dosage is then increased by 30 mg every two davs
until an appropriiate mastmum  daily  dosage (e g IS0 mg) s attuned  Daily
pyridostigmine doses are adjusted according to chinical evaluations of a patient’s status.,
but techmques to determine plasma concenttations of the diug o1 the amount of
erythrocyte-bound acetylcholinesterase enzyme (Henze et al 1991) are avarlable but
expensive to use 1outinely.

2.2 f) Clinical Mecasurement of Fatipue:

Much of the research on neuromuscular fatigue has been conducted on normals
and has exammed changes in muscle function which could account tor fatgue
Researchers have devised fatigue indices, in an effort to quantify fatgue, such as the
percent decline in torque over time, or the ratio of the torque of the lTast 3-5 contractions
to the first 3-5 contractions in a fatigue protocol (Thorstensson and Kiuarlsson, 1976)
However, the reliability of these indices remains to be shown m PPS  In addition, the
application of these indices, developed on normal contiol subjects has not been iporously
tested on subjects with motoneuron disorders, specifically PPS - Furthermore, itis diffrealt
to distinguish whether peripheral or central fatigue mechanisms are predominant when
examining the whole, human orgamsm with a complex psyche  Particular to the study
of human subjects with I'PS, is the role played by such factors as depression assocrated
with a chronic, disabling disorder. In addition, the personality saits of individuals who

have survived and maximally recovered from a disabling illness will influence how they

will deal with the prospect of a second disabling illness (Maynard and Roller, 1991).
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‘These factors should be consideted i the clinical assessment of PPS  The use of
ancillary questionnaires and scales which can monitor clinical change in psychological or
pam parameters 1s advised.  PPS patients may be at the lower end of the spectrum of
exereise wlerance.  Fatigue may be associated with low levels of exercise o1 with the
completion of routine daily functions, exclusive of exercise training. For this reason the
development and use of functional scales appropriate to PPS 1s of importance. To date,
reports of fatigue i PPS have been limited to subjective data obtammed from
questionnanes of imical scales. The vahdity (internal consistency) and reliability (inter-
and mta-) of a Fatigue Severity Scale (FSS) was demonstrated 1 a sample of persons
with multuple sclerosts and systemic lupus erythematosus (SLE) where fatigue is a
disabhing symptom (Krupp et al. 1988; 1989). This scale was able to detect the presence
or absence of chimcal change over time. The values on the scale correlated well with the
lincar visual analogue scale (VAS), which has also been used to evaluate fatigue (Scott
and Huskisson, 1976, 1979). Another linear scale similar to the VAS has been used to
cvaluate tatigue 1in persons with PPS (Hare et al. 1985). This particular scale was used
to evaluate the effects of pyridostigmine, an anticholinesterase agent used to treat fatigue
symptoms in PPS (Trojan et al. 1989). A decrease n fatigue symptoms (Hare et al. 1985)
and an mcrease in function (Katz, 1963) were reported in 16 of 27 (or 64%) PPS subjects
m a one month tral of pyndostigmme (Trojan and Cashman, 1989). The Borg Scale
(Borg, 1982y was developed with testing of subjects on cycle ergometry and recording
physiological measures which could be correlated with subjective ratings of effort. It may

be a useful tool to assess fatigue in PPS subjects, if used in conjunction with objective,
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quantitative outcome measuiements ot fatigue, as has been done m fangue studies on
notmal controls (Gerdle et al. 1988). Pyndostignine may alles rate neuromuscular fatigue
in some patients with PPS but 1t 1s not known to alter the course ot the disorder
However, no quantitative measurement of fatigue was used, and the evaluation procedures
may not have been sensitive enough to detect small changes i the subjedts”™ function
Long-term, prospective studies are required to better document the changes m health
status, daily function, nerve and muscle properties in polio survivors (1 ange et al, 1989)

Clinicians are encouaged to use objective outcome measures i treating PPS patients
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ABSTRACT

The aim ot this study was to ascertdin the relabibiy of isokietic stiength
measurements 1 a population ot post-pohiomyelitis subjects (PPSY. Frght subjects (4
males and females, mean age of 47 5% [0 and 56.8% 16 y, tespectively) were evaluated,
on a weekly basis for three weeks at approsumately the same time ot day Dunng cach
test session the knee flexors and extensors (bilateratly, where possible) were evaluated.
Subjects became familiar with the equipment prior o recording  thice masimal
contractions at the four test velocities (105, 2.09, 3,14, 4 18tads « ') A two-munute 1est
period was allowed between sets of contractions. The vanables of peak torque, angle of
peak torque, torque at specitic jomnt angles (079 and 1.05 rads), total contractle work,
maximum power and average power were measured on-hine with the Cybex 11 system
using a commercally avarlable softwaie package. In both muscle groups, all the vanables
were significantly weaker on the most affected, but testable Iimb (p- 0.01) i subjects
where both limbs could be tested (n=5). Peak torque and total work of the quadiiceps
were observed to decrease with increasing velocity of movement The effedts of veloaity
were less apparent in the hamstuings. Average and maxmmum power developed by the
knee extensors and flexors increased with increasing veloaty of movement  Reliability
of performance over three test sessions was confumed by the mtaclass conrelation
ceefficient (ICC) values derived from the univariate ANOVA’s calculated for each of the
above variables (>0.8(). Angle of peak torque, however, was not found to be a rehable
measurement across the three test sessions  Although subjects i the present study were
tested on three separate occasions, rehability of peak torque over twa test sessions was

also observed. However, peak torque of flexion was more reliable on Days 2 and 3. This



. was espectally tue for knee flexion at 2.09 and 3.14 rads sec'. In conclusion, this study
demonstrated that a Cybex 11 hisokimetic device is a reliable means to evaluate strength in

persons with PPS

Key Words: Poliomyelitis, Post-poliomyelitis syndrome, Isokinetic, Reliability.



INTRODUCTION

Poliomyelitis  (polio) 1s caused by the mfection of human hosts waith the
neurotropic poliovirus, which 1s known to intect a large percentage (2-1004) of the moton
neuron pool at varous levels of the neuraxis (antenor horn cells, motor nudler of the
brainstem, hypothalamus and thalamic nucler and cells m the precenttal gyrus) (Bodan,
1949).  Approximately 90% of the poliomyelitis vitus mtections we non-paralytic
Poliomyelitis is now a preventable discase, however, Luge numbers ot polio suvivors
remain. In 1985, and more recently in 1990, the Natonal Center for Health Statistics
registered over 640,000 paralytic polto survivors, making polio the second Teadimg Cause
of physical disability in the United States (Munsat, 1991), This estumate s hipher than
the 250,000 1eported by the U.S. Department of Health and Human Services i 1981
(Bruno et al. 1991).  Furthermore, cpidenmological studies have deternmned  that
approximately 25%-50% of cases of paralytic polio will develop what is now recognized
as post-polio syndrome (PPS) (Codd et al. 1985; Halstead et al 1989)

PPS is a complex of systemic, musculoskeletal and newological problems The
three primary symptoms of PPS are fatigue, pamn and new weakness m muscle proups
which were affected or unaffected by the ongmal poliovius ifection (Jubelt and
Cashman, 1987). The etiology of PPS remains unknown  The enbaged, remnervated
motor units may be vulnerable to early aging and overuse which may lead to the loss of
terminal axonal endings and thus, new muscle weakness  (Wiechers, 1988).
Neuromuscular synaptic transmission defects may lead to the development of muscle

fatigability and generalized fatigue (Bruno et al. 1991). The post-cneephalitic lesions of
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polio have also been considered as possible factors in the development of fatigue in PPS
(Bruno et al. 1991)  Curtent chimeal intervention i PPS by specialists in neurology and
rchabiltation medicine 18 aimed at managing these three most common and disabling
symptoms.  However, i order to be able to evaluate the efficacy of a treatment
mtervention, reliable measurements of muscle strength, endurance and pain must be
assured.

Although isokietic dynamometry has been used as a measurement tool in persons
with neuromuscular disorders, such as muscular dystrophy (Filusch and Burnett, 1989;
McCartney ct al. 1988), amyotrophic lateral sclerosis (deBoer et al. 1982; Sajak et al.
1987) and i PPS (Gross and Schuch, 1989), test-retest reliabihity of the measurement was
not addiessed specifically.  Therefore, the purpose of this study was to ascertain the

rehability of 1sokinctic measurements of strength in subjects with PPS, who were

evaluated on three separate occasions.



METHODS

A total of erght ambulatory subyects (4 males and temales, mean age of 17,54 10
and 56.81 16 y. respectively) were evaluated.  All subjects were diagnosed with PPS by
history and physical exam and provided then intormed, written consent to patticipate
The study received the approval of the Universiy Ethies Commuttee Al subjedts were
required to have a minimal manual muscle grade of 3 1 the quadniceps and of 2+ 1n the
hamstrings (Medical Research Council, 1978) i order to be tested on the Cybex 11
1isokinetic device. Subjects with knee jomnt pathology, or with any other neutological o
neuropsychiatric disorder were excluded from the study

Test-retest rehability was assessed by evaluating the subjects on a weekly basis
for three weeks at approximately the same time of day. During cach test session the
torque of the knee flexors and extensors (bilaterally, where possible) was determined
Subjects became familiar with the Cybex prior to 1ecording thiee maxmil contractions
at the four test velocities (1.05, 2.09, 3 14, 4.18 rads.s ). A two-nunute 1est penod was
allowed between sets of contractions. The order of testing by speed or himb was not
randomized.

The torque of the knee flexors and extensors was measured on-line with the Cybex
IT system (Lumex, New York, N.Y.) using a commercially avalable software package
(Flex-o-Calc System Version 2.02-CY from Electrosport Inc., Toronto) The speed of
movement and the angle of excursion were recorded simultancously with the torque
signal. The dynamometer was calibrated according to the manufacturer’s

recommendations and an undamped torque signal, corrected for the effect of gravity, was



regstered

Fzach subject was seated on the Cybex 11 chair with the hips flexed to 1.75 rads.
Stabithization straps weie placed across the trunk, around the waist and mid-thigh of the
limb to be tested.  The anatomical axis of the knee joint was visually aligned with the
axis of rotation of the dynamometer. The lever arm of the dynamometer was adjusted to
1est 2 em. proxnmal to the lateral malleolus.  This length of the lever arm was recorded
and utihized i subsequent evaluations for each subject.

Verbal encouagement was provided to each subject throughout the test sessions.
The Visual Analogue Scale (VAS) was used to monitor pain, immediately before and
following the subject’s performance at each test velocity (Scott and Huskisson, 1976).
Prior to cach test session the subject completed & clinical status questionnaire detailing
any change m pam, fatigae or lower exuemity strength during the preceding week.

Standard statistical methods were used to calculate means, standard deviations and
coethicients of vartation across the thiee test sessions and the four velocities, for the
following varables. peak torque, angle of peak torque, torque at specific joint angles
(0.79 and 105 rads), total contractile work, maximum power and average power of the
knee tlexor and extensor muscles  The intraclass correlation coefficient (ICC) was
applied to the unmivanate ANOVA caleulated foi each of the above variables. A reliability

coeffictent greater than (.80 was accepted as the standard for comparison in this study

(Shrout and Fleiss, 1979).



RESULTS
Subjects

The characteristics of the subjects m our study are simular to other eports i the
literature. The mean age of acute paralytic pohomychtis was 31 years with a4 mean
interval of 40.4 years to the onset of new symptoms of PPS  Five subjects were currently
on a thrice daily, oral dose (60 mg ) of pyridostignune (Mestinon®), an anticholinester ase
agent, which is used to treat fatigue symptoms

Seven of the eight subjects were gamtully employed and all mamtmned very active
lifestyles. It 15 noteworthy that two subjects were m then sixth and one i her seventh
decade of life at the time of the study  All were ambulatory, four with no mobthity auds,
one used an ankle-foot orthosis, onc used a knee brace and two used a cane tor walking
distances. Of the eight subjects who patticipated i the study, only five subjects had
sufficient lower mb strength to pernut bilateral evaluations,

Torque-Velocity Curves

Peak torque as a function of velocity is illustrated in Figure 1 Side A was defined
as the weaker limb in subjects where both limbs could be tested and/or the less atfected
limb in subjects where one side was too weak to be tested. Side B was defined as the
stronger limb in subjects where both limbs were tested.

In those subjects (n=5) where both limbs could be tested, peak torque of the
quadriceps and hamstring muscles, was significantly (p<().01) weaker on Side A than Side
B (by 42-46% and 31-45%, respectively, depending on the velouty). Peak torque of the

quadriceps was observed to decrease with increasing velocity of movement and the

38



relative rate of decrease was similar on both sides.  The effects of velocity were less
apparent m the hamstrings (Fig 1), Simikar results were observed for torques developed
at o knee jomt angle of 079 and 1 05 rads (data not shown).

Average power developed by the knee extensors and flexors increased with
mcreasig velocity ot movement (Fig. 2) and was significantly (p<0.01) lower on side A
than side B (by 54-63% and 54-63Y%., respectively). Similar results were observed for
maximum power (56-63% for extensors and 54-69% for flexors).

Total contractle work, hke toique, decreased with increasing velocity of
movement.  Total work of the quadriceps and hamstrings was significantly (p< 0.01)
lower on Side A than B (by 52-73% and 49-57%, respectively).

Reliability

No stgnificant difference in the outcorne measures of peak torque, angle-specific
torques, average power, maximmum power and total contractile vork over the three test
sesstons was observed with one-way ANOVA analyses. Furthermore, the ICC values
were greater than 0.80 (Tables | and 2)  Angle of peak torque, on the other hand, was
not found to be a reliable measurement across the three test sessions.

Reliability of peak torque over two test sessions (Day 1 and Day 2) or (Day 2 and
Day 3) was also assessed. However, peak torque of flexion was more reliable on Days
2 and 3 (Table 3). The coetficients of vanation for peak torque of side A ranged from
10-12% and 15-20% for the knee extensors and flexors, respectively. The procedure of
isohinetic evaluation was well-tolerated by subjects, as indicated by low ratings (0-2) of

pain o1 discomfort on the VAS, for which acceptable reliability has been shown (Dixon
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and Biird, 1981; Revill et al. 1976)

DISCUSSION

Isokinetic dynamometry has been shown to be a rehable method ot measunng
strength in healthy, trained individuals (Pernn et al 1987); m untamed mdn duals of
both sexes (Harries, 1990; Johnson and Siegal, 1978 Kramet et al 1989, Mawdsley and
Knapik, 1982; Mayhew and Rothstein, 1985; Montgomery et al 1989, Rothstem, 1985,
Thigpen et al. 1990; Thorstensson and Karlsson, 1976, Tredinnick, 1¢88) and i clderly
subjects (Laforest et al. 1990). Much less is known about how rehably stength can be
measured in various patient populations  The presence of motor unit transtormation
(enlargement, changes in contractile characteristics), muscle weahness, and the potential
for a wide variation n performance in subjects with neuromuscular disorders, create a
particular challenge to clinicians and tesearchers. As well, knowledge of the numtber of
test sessions required before reliable mnformation can be obtamed 15 an important
consideration in measuring performance.

Kozlowski (1984) reported reliability coetficients of () 82-0 98, for isokmetic
strength of the paretic lower Iimb of 11 hemiparetic subjects, measured on two different
days. The reliability coefficients were somewhat higher (0 90-0.93) for the non-parctic
limb in these subjects.

Tripp and Harris (1991) used the Lido isokinetic device to study test-retest
reliability of peak torque at two velocities in 20 subjects with hemiparesis. ‘The subjects
were evaluated on two different days, separated by a two to four day interval. They

reported ICC values of (.92 at 1.05 rad/sec, and 0.95 at 2.14 rad/sec.  Florence  and
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Schierbecker (1989) 1eported 1CC values of (1.94-0.97 for peak torque values of the knee
extensors and flexors i young subjects (5-16 years) with muscular dystiophy tested twice
within two days, by the same evaluator, using the Cybex 11 device.

Another study compared 10 ambulatory subjects with multiple sclerosis (MS) to
20 healthy contiol subjects (Armstrong et al. 1983). Data on peak torque, angle of
excurston and total work at 1.22, 3.32 and 4.02 rads s ' were compared between the two
proups, for both the strength and fatigue tests. High reliability (Pearson’s r=0.99) was
demonstiated between two trials within one test session for both the MS and control
subjects However, less reliable 1esults wetre shown for three additional MS subjects who
underwent thiee repeated tests (at O, 6 and 11 weeks).

Although the rehiability of sttength testing has been demonstrated 1n various
populations, generalizability of these results to PPS is himited, because assessments were
performed on healthy control individuals or on other patient populations. Differences in
testing protocols also hmiut the compatisons which can be made between studies.

Our study demonstiated that muscular performance of subjects with PPS, measured
isokimcetically, is reliable.  Although subjects in the present study were tested on three
separate occasions, rehabihty of peak torque over two test sessions was also observed.
The rehability of peak torque on Day 2 and 3 was slightly better than on Days 1 and 2.
This was especrally true for knee flexion at 2.09 and 3.14 rads sec’, as indicated by ICC
values lower than 0 80. The percentage of variation observed in our PPS subjects, was
higher than those reported in normals (Johnson and Siegal, 1978), but were similar to

those reported tor other patient populations (Giles et al. 1990; Tripp and Harris, 1991).
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Interestingly, the values wete higher n flexion than m extension, also suggestig a greaten
varability. Why subjects requiie mote time to demonstiate iehiable pertormance of knee
flexton 1s unclear  The discrepancy may be due to the facet that a reaprocal protocol of
extension-flexion was employed  Although reciprocal protocols have been reported to be
reliable 1r normal healthy contiols, and we commonly used climcally, we have observed
that subjects need to be remunded to perform a maximal tlexion efton
It has been suggested that test-retest rehability of muscle pettormuance s
influenced by muscle stiength. The work of Giles et al (1990) on a sample of subjects
with rheumatord arthritis versus healthy controls showed that the trst est session was
reliatle for controls and subjects who could generate a peak torque of 54 Nm o1 more
However, a second test was found to be necessary tor reliable results on weaker subjects
The results of our study on subjects with PPS do not contirm these tindings  Hiph 10°C
values were obtained at the same test veloctties (105, 209, 3 14 1ads ') despite the
inclusion of 6 of 8 subjects who produced toique of less than 54 Nm o Furthermore,
previous work in our laboratory has shown that rehabthty of strength testing as not
influenced by the age of the subject, although strength dechines with advancing age,
particularly at faster velocities (Laforest et al. 1990) PPS subjects in the cunrent study
were found to be weaker than age, height and weight-matched contiols by 4% and 33%,
respectively, in the knee extensors and flexors
The question of whether aging of the individual influences motor unit dysfunction
in PPS remains controversial (Windebank et al. 1991). It is known that the number of

motor units decreases in normal human aging by the sixth (McComas et al 1973) or
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seventh Clombmson and Teving, 1977) decades. I motor neuron loss with advancing age
was d major factor m PPS then one would cxpect to find a steady decline n function of
paralytic pohio survivars with incieasing age  As a matter of fact, Dalakas et al (1986),
observed a 1% per annum decline i strength in symptomatic polio survivors, less than
60 years of age, which was not significantly different from data on normals.  Other
authors have confirmed these findings (Agre and Rodriquez. 1990; Munsat, 1991). We
have also observed that our coldest subjects were not necessarily the weakest, further
sugpesting that the mdividual’s age 15 not the most imporiant factor contributing to
muscle weakness i PPS. Of further mterest, PPS has been diagnosed both in polio
survivors n then 307s and atter the seventh and eighth decades of their lives (Ciocon and
Potter, 1989; Halstead, 1987) This information supports the evidence from
epidemiological studies which suggests that the length of the interval between the acute
poliovitas mfection and the appearance of new symptoms, and not aging per se, is the
more mportant factor (Halstead, 1987; Windebank et al. 1991).

In concluston, our studv demonstrates that serial isokinetic strength assessment
1s a rehable method for measurement of muscular performance in subjects with PPS.
However, 1t 1s recommended that a sufficient number of test sessions be conducted to
establish a stable basehne of performance on this particular patient sample in order to
exanune the effect of a therapeutic intervention. It 1s proposed that a Cybex Il isokinetic
device, it used appropnately, can measure clinical change and may be used to examine

the effect of varous treatment interventions to ameliorate strength in persons with PPS.



Table 1 Intra-class Correlation Cocfficients (1CC)

Limb Movement Velocity PT Angle PI' Torque 00 Torque o
rad.s-1 dep dep
Affected Extension 1.05 0.82 0.90 0.99 0.98
N=8§ 2.09 0.99 0.88 0.99 0.99
3.14 0.98 0.84 0.98 0.98
4.18 0.99 0.34 0.97 0.98
Flexion 1.05 0.95 0.39 0.98 0.97
2.09 0.81 0.82 0.96 0.96
3.14 0.92 0.70 0.94 0.96
4,18 0.94 0.46 0.88 0.94
Unaffected Extension 1.05 0.95 0.88 0.94 0.87
N=5§ 2.09 0.95 0.56 0.97 0.90
3.14 0.87 0.54 0.96 0.97
4.18 0.98 0.72 0.90 0.96
Flexion 1.05 0.96 0.91 0.97 0.96
2.09 0.83 0.26 0.89 0.90
3.14 0.91 0.20 0.95 0.90
4.18 0.98 0.57 0.97 0.97

PT Peak Torque



Table 2 Intra-class Correlation Coefficients (ICC)

Limb Movement Velocity Total Work Average Maximum
rad.s-1 Power Power
Side A Extension 1.05 0.91 0.98 0.89
N=8 2.09 0.93 0.98 0.94
3.14 0.86 0.98 0.98
4.18 0.90 0.98 0.98
Flexion 1.05 0.97 0.91 0.95
2.09 0.96 0.95 0.95
3.14 0.95 0.88 0.84
4.18 0.97 0.91 0.93
Side B Extension 1.05 0.80 0.93 0.93
N=5 2.09 0.84 0.94 0.92
3.14 0.89 0.98 0.90
4.18 0.99 0.97 0.94
Flexion 1.05 0.93 0.97 0.97
2.09 0.99 0.97 0.94
3.14 0.92 0.96 0.90
4.18 0.98 0.98 0.98




Table 3 Intra-class Correclation Cocefficients (1CQO)

Limb Movement  Velocity PT rT
rad.s-1 D1/D2 D2/D3

Side A Extension 1.05 0.91 0.93
N=8 2.09 0.92 0.97
3.14 0.860 0.82

4.18 0.98 0.96

Flexion 1.05 0.98 0.93

2.09 0.65 0.96

3.14 0.77 0.81

4.18 0.94 0.98

Side B Extension 1.05 0.98 0.98
N=5 2.09 0.98 0.97
3.14 0.98 0.97

4.18 0.98 0.93

Flexion 1.05 0.97 0.94

2.09 0.72 0.92

3.14 0.85 0.87

4.18 0.89 0.91

PT Peak Torque



Figure 1 "Tarque-Velocity curves of the knee extensor and flexor muscles. Peak torque
values are displayed for:

Side A: The weakest Iimb in subjects where both limbs could be tested and/or the least
affected hmb in subjects where one side was too weak to be tested.

Side B: The strongest limb in subjects where both limbs were tested.
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Figure 2 Average power versus velocity curves of the knee extensor
and flexor muscles. Average power values are displayed for:

Side A and Side B, for definition see Figure 1.
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ABSTRACT

Quanttative means of reliably evaluating  fatigue in PPS remain to be
demonstrated  In the current study, a fatigue protocol was developed and tested for
1ehiahnlity on 7 PPS subjects compared to 15 normal controls. The sensitivity of the
protocol to detect an effect of pyridostigmine, an anticholinesterase agent used 1n the
treatment of PPS, was also assessed. The protocol consisted of 25 reciprocal contractions
ol knee flexion and extension performed on an isokinetic device (Cybex II) at 3.14
tads sec. ' Reliability was assessed by three baseline measurements made at weekly
mtervalds, at approsmmately the same time of day.  Sensitivity was evaluated on two
subsequent weeks while the PPS subjects were either ON (600 mg tid) or OFF the
medication  The single evaluator was blinded to the date of withdrawal or re-initiation
of the diug, however, no placebo drug was used to blind the PPS subjects. Each subject’s
rating of percerved exertion (Borg scale) and pain (Visual Analog scale) were monitored.
Intra-class cornrelation coetticients (ICC) were calculated on the umvariate ANOVA’s of
the absolute and 1elative tatigue indices. Simple linear regression analyses were applied
to the angle-specific torque of the knee extensors. The resultant slope values were then
subjected to multiple hineer regression analysis. Paired t-tests were used to compare the
PPS subjects’ performance while ON or OFF the drug. The ICC values for total work
and average power of the knee extensors showed reliability (>0.80), but reliability of knee
tlexors was shown only for control subjects. The relative fatigue index was not shown
to be rehiable The protocol did not differentiate between PPS and controls in terms of
the rate of development of fatigue. The protocol was not sensitive enough to detect an

ctiect of the drug on fatigue across the group of PPS subjects. However, 3 males were



weaker and 1 male demonstiated increased fangability while OFF the medication Thus,
fatigabulity can be tested 1ehably with an sokinetic protocol which is also well tolerated
by subjects. However, modifications of the protocol are tequired 1 ordet to evaluate the
effect of a drug mtervention for PPS

Key Words: Poliomyelitis, Post-poliomyelitis syndrome,

Fatigue, Pyridostigmine, Isokinetic, Rehability



INTRODUCTION

Fatgue 1s the most common of the thice primary symptoms of post-poliomyelitis
syndiome (PPS), occurning in 80% (1ange 75-89%) of patients (Berlly et al. 1991; Codd
et al, 1985, Halstead ct al. 1985)  Neuromuscular fatigue occurs following even low
levels of physical acivity (Munsat, 1991) and may be associated with transient weakness
on excriion, which improves with rest. Recovery takes minutes or hours and varies from
one individual to another,  Currently, fatigue symptoms in PPS are managed
conservatively by moditications of a person’s daily activities.

o1 those patients who are disabled by fatigue which does not respond to
conservative management, pharmacological management may be considered. The
neuromuscular transnussion defect in PPS s believed to be pre-synaptic. Defective
tetmmal axonal conduction, the loss of termunal axonal sprouts, or the impaired release
of the neurottansmitter, acetylcholine, may underlie the defect (Bradley, 1987; Jubelt and
Cashman, 1987, Stalberg et al. 1974; Wiechers, 1988). Anticholinesterase agents block
the hydrolysis of acetylcholine (ACh) at the neuromuscular junction and thus enhance the
action of ACh in neuromuscular disorders (Adler et al. 1992; Goodman et al. 1985).
Pyridostigmme, which is an oral anticholinesterase agent, has been used effectively in the
treatment of the post-synaptic dysfunction of acetylcholine receptors in myasthenia gravis
(Engel, 1987) Prelmnary work suggests that it may be efficacious in PPS (Trojan and
Cashman, 1989). Indeed, a one-month tial of pyridostigmine revealed a decrease in
fatigue symptems as determined by a hinear scale (Hare et al. 1985) and an increase in

the Barthel functional index (Katz et al. 1963) 1n 16 out of 27 subjects (64%) with PPS



(Trojan and Cashman, 1989). Based on these encouragmg results, tuture studies which
employ quantitative methods to evaluate fatigue in PPS should be conducted

To date. tew protocols have been developed to ehably quantity neuromuscula
fatigue in PPS. One research group (Agre and Roduquez, 1990; Rodugues and Apre,
1991) has used an isometric fatigue protocol to evaluate PPS subjects, however, the
question of reliability of measurement was not evaluated  Prehmunary work (KiHoil and
St-Pierre, 1992, in press) in our lab has established that sokinetic stength can be reliably
measured in PPS subjects, and that the 1sokinetic procedures ae well tolerated by the
subjects. The present study will extend this work on 1sokmenc testing 1o assess the
reliability of a dynamic, isokmetic fatigue protocol on subjects with PPS - The protocol
will be used to determine the cffects of pyridostgmine on ncuromuscular fatipue 1w a
group of subjects with PPS who showed a subjective tmprovement in fatigue symptoms

in the preliminary study by Trojan and Cashman (1989).
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METHODS

A total of seven ambulatory PPS subjects (4 males, 3 females) and 15 normal
control subpects (6 males, 9 females) gave informed, written consent to participate in the
study  There was no stgmficant difference between the two groups of subjects in terms
of age, sex, herght and werght (Table 1) The mean age of acute paralytic poliomyelitis
was 4.5 £ 39 yr wath a mean mterval to onset of PPS of 42.1 £ 11.2 yr. All of the PPS
subjects had neuromuscular fatigue as a primary symptom and were known subjective
esponders to pyndostigmime (Itojan and Cashman, 1989).  All subjects were required
to have a munmum manual muscle grade of 3 in the knee extensors and 2° n the knee
flesors i order to perform the 1sokinetic testing (Medical Research Council, 1978).
Subjects with knee jomt pathology, ot with any other neurological or neuropsychiatric
disorder were excluded from the study Prescribed medications were recorded, but not
withheld trom the subjects

Experimental Protocol

The dynamic fatigue protocol consisted of 25 reciprocal, maximal isokinetic
conttactions of knee extensior and flexion, (unilaterally), at a speed of 3.14 rads.sec™.
Verbal encouragement was provided to each subject throughout the test sessions. A
tepeated measures design was used to evaluate the subjects at weekly intervals. Three
basehine measures were used to examine reliability in both groups. At baseline, the PPS
subjects were tahimg the mamtenance dose of pyridostigmine (ON 60 mg orally, three
umes daily)  They were instructed to take the drug 30-60) minutes prior to each

evialuation  The halt-life of pyridostigmine is three hours (Goodman et al. 1985), so a



minimum time of 48 hours elapsed after the drug was withdiawn (OFE)Y - Phe fatigue
protocol was then repeated only once to assess the subject’s tesponse OFE the diug The
date for the withdrawal of the diug was selected for cach subject and the single evaluaton
in the study was kept blind to the date of withdiawal o1 re-miiation of the diuy A
placebo drug was not used to blind the subjects in this prefiminary study

Instrumentation for Data Collection:

The Cybex II system (Lumex, New York, N.Y) titted with & commercnlly
available software package (Flex-o-Calc System Version 2.02-CY from Electiosport Inc
Toronto) was used to measure an undamped torque signal, conrected for the ettect of
gravity. Each subject was scated on the Cybex I chanr with the haps tlexed to 175 rads.
Stabilization straps were placed across the trunk, and around the warst and mud-thigh of
the limb to be tested. The anatomical axis of the knee joint was visually aligned with the
axis of rotation of the dynamometer The lever arm of the dynamometer was adjusted to
rest 2 cm. proximal to the lateral malleolus  The lever wm length was recorded and
utilized in subsequent evaluations for each subject

Prior to each test session the subject completed a chnical status questionnare
detailing any change in pain, fatigue or lower extremity strength dunmg the preceding
week (Appendix B). The Visual Analogue Scale (VAS) was used to monttor pam
(Appendix B), immediately before and following the subject’s performance of the fatipue
protocol (Scott and Huskisson, 1976). 'n addition, the Rating of Percerved Bxettion Scale
(Borg, 1982) (Appendix C) was completed by each subject immediately followmg

completion of the fatigue protocol.
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Statistical Analyses:

Means and standard  deviattons were  calculated and unpaited  t-tests were
performed to determime significant differences between the characteristics of the two
proups of subjects

The torque of the knee extensors and flexors, developed at two specific joint
angles (.79 and 1095 1ads) for cach of the 25 contractions, total contractile work and
average power were the dependent vartables A relative fatigue index (ratio of the last
5 over the fust 5 contiactons) was also caleulated (Thorstensson and Karlsson, 1976).
Rehabihty was detemmuned by use of the intraclass correlation coefficient (ICC) applied
to repeated measures ANOVA analyses, on the aforementioned variables across Days
1,2,3 versus Days 1.2 in both groups of subjects (Shrout and Fleiss, 1979; Equation 1.1).
Basced on the results of the 1iehability analyses, data on torque, work and average power
of the knee extensors from tests on Days 1,2,3 were used for comparison between the two
groups of subjects

Simple himear regression analyses were applied to the angle-specific torque of the
knee extensors for all 25 conttactions of the fatigue protocol. The slope values were
subjected to multple hinear regression analysis.

The sensitivity of the fatigue protocol was determined using paired and unpaired
t-tests. 1) between PPS subjects versus normal controls and ii) while the PPS subjects
were ON o OFFF the dirug

Non-parametnic analyses of data obtained rrom the VAS and Borg Scales were

pettormed to determune if pan influenced performance of the fatigue protocol within and



between the two groups of subjects. In addition, pain and fatigue scores were compared
while the PPS subjects were ON o1 OFF the drug.
RESULTS

Nonparametric Data:

Before reliability of a fatigue protocol can be established, tactors such as the level
of perceived exertion and the intluence ot pain should be addressed  Thete was no
significant difference in the VAS scores between the PPS and nommal subjects (‘Table 2)
Furthermore, there was no significant difterence while the PPS subjects were ON o OFL
the drug. The PPS subjects 1eported levels of perceived exertion on the Borg scalke
following performance of the fatigue protocol which were not statistically ditferent tiom
the normal subjects (Table 3). However, they reported higher levels ot eftort while OFJ-
the drug versus ON (p<0.03) (Table 3). Thus, the tatigue protocol was well tolerated by
both groups of subjects and pain did not appear to intluence then performance

Reliability of Fatigue Protocol: PPS versus Normal Controls:

The angle-specitic torque of the knee extensors (at 0 79 and 1.05 rads) was rehable
after two test days in PPS and normal controls (Table 4) Howevwver, the knee flexors were
more reliable after three rather than the first two repeated measurements i PPS and
normals. The ICC values for total wortk and average power were high for the knee
extensors and flexors in normals after only two days of testing (Fable 5). However, thiee
test days were required to show reliabil'ty of total weik and average power of the knee
extensors in PPS subjects. Total work of the knee flexors 1n PPS subjects was not

reliable even after three test days, and the 1CC value for average power was higher after
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the fist two days rather than after three test days.

The relauve faugue index (PPS 0.05, Controls (0 004) did not show reliability.
Based on the results of iehiabihity testing of the reciprocal fatigue protocol, the outcome
vartables for total work and average power of the knee extensors, and the slopes of the
regression analyses were used for comparison of fatigue responses of PPS subjects versus
normal controls, and while the PPS subjects were either ON or OFF the medication.

Sensitivity of Protocol (o Evaluate Fatigability of PPS versus Normal Subjects:

The PPS subjects were able to produce less total work than the normal controls
(Figure Ta).  One would expect that the values for average power to be less in PPS
subjects, but this was not observed (Figure 1b). Further analysis revealed that the time
pertod through which the PPS subjects were generating torque sufficient to be registered
by the software program was less than that of the normal controls. Therefore the finding
of no ditference i average power was considered to be an artifact of the analysis
procedure.

Although the PPS subjects were weaker than normals, there was no significant
ditterence n the rate of development of fatigue, as shown by the plot of slopes of the
regression analyses of torque output (absolute and normalized to the first contraction) as
a function of time to complete the 25 contractions (Figure 2a,b).

The percentage decline 1 normalized torque was not statistically different between
the noimal controls (36 £ 12%) and the PPS subjects ON (38.4 + 26%) or OFF (41.8 £
14.9%) the diug. The normal subjects took approximately 30-31 seconds to complete the

fatigue protocol but the PPS subjects required, on average, 33 seconds fcr completion.



In addition, multiple regiession analysis showed that the two groups behaved similarly
with repeated testing. Overall, the tit of the regression hines for the PPS subjects (ON
drug R*=0.84; OFF drug R*=0.76) was mote vanable than the normal control subjects
(R?=0.94), as reflected by the better fit of the regresston lines to the torque data

Sensitivity of Protocol to Evaluate Fatigability of PPS Subjects ON or OFF Drug:

Although reliability of performance was shown for total work and average power
of the knee extensors, the protocol was not sensitive enough to detect an cftect of the
drug. Values for total work (Figure 3a) or average power (Figuie 3b) did not differ while
the PPS subjects were ON or OFF the drug  However, 1t was appatent from the values
obtained from the regression analyses, that the PPS subjects could be divided nto
responders (n=4, males) (Figure 4a,b) and non-responders (n=3, females) (Fiygwe 5) The
performance of four subjects OFF the drug was lower than the average + two standard
deviations while they were ON the drug. Of these four subjects, however, only one
demonstrated true fatigability while OFF the drug, as shown by the greater negative slope
of the regression line (Figure 4b). The other three subjects were unable to penerate as

much torque at the beginning while OFF the drug.
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Discussion:
Reliability

This study showed that total work and average power were reliable only for the
knee extensors i PPS subjects, after three test sesstons  The indices were reliable for
knee extensors and flexors of normal controls, after only two trials. This finding is
consistent with other reports in the Iiterature for normal subjects (Burdett and Van
Swearingen, 1987; Montgomery et al. 1989; Wessel and Galbraith, 1989). No data on
ichiabthty of fatgue testing in PPS 1s available for comparison with the results of this
study. However, our finding mdicates that at least three repeated measures are necessary
with a reaprocal fatigue protocol m PPS subjects, 1n order to obtain rehiable baseline
measutements for the knee extensors  Fewer test days may be required if the knee
extensors were tested in isolation. Reliable results on the knee flexors can be obtained
only after more than three 1epeated measures. Day 1 should really be considered as a
practice session for PPS subjects  However, the relative fatigue index was not reliable
on etther PPS or normal subjects and therefore 1ts use is not recommended. It is
noteworthy that reliability of this index was originally determined by a low (3.2%)
coefficient of varation (Thorstensson and Karlsson, 1976). In our study reliability was
eviluated usmg the ICC taking into account the high variability within the two groups.
This rehability coefficient is more stringent and may account for the discrepancy in the
results.

Although rehability of isokinetic strength measurement protocols has been studied

extensively in normals and in some patient populations, reliability of fatigue protocols has



not been investigated tully. Eatlier work fiom our Laboratory on the same subject groups
showed that strength could be tested telably even in very weak subjects (Kiltorl and St
Pierre, 1992, in press) A reciprocal protocol was chosen i this study to allow tor
comparison with previous studies. A reciprocal protocol requures greater attention and
practise in order to perform flexion reliably. The nstiuctions given to a naive subject
must be very consistent to facilitate proper execution of the movement i two directions,
The PPS subjects required one practice session and mote than two days of testing to
perform relably. More time would be requied i order tor the PPS subjects to
demonstrate reliable performance of the knee flexors
Sensitivity

In this study there was no distinction between PPS subjects and notmal contiols
in terms of the rate of development of fatigue  These results are snailar to the findigs
of Agre and Rodriquez (1990) and Rodniquez and Agie (1991), who used an isometiie
fatigue protocol. Reasonable attempts were made tn thrs study to control for some of the
possible central or inhibitory factors in fatigue by asking subjects to report pam symptoms
and perceived levels of effort. Pain did not appear to be a factor hinnting foree
production, even though three male PPS subjects were weaker while OB the drag PPS
subjects’ reports of fatigue increased while OFF the drug as rccorded by scores on the
Borg scale. However, these subjective reports were related to objective findings of
decreased strength in 3 males, and of greater fatigabihty n one male subject  The
subjective reports of increased fatigue by the female subjects were not related to objective

changes in the dependent variables. Even though the subjects were known responders to
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pyridostigmine upon entry to this study (Trojan and Cashman, 1989), there was a
discrepancy between subjective outcome measures and objective measurements ot fatigue.
This finding reinforces the importance cf a better definition and understanding of fatigue.

It may be necessary to test PPS subjects with more than 25 1sokinetic contractions,
or more than once within a test session (Durand et al. 1991) in order to reveal differences
in fatigability between PPS and control subjects (normals or asymptomatic PPS). The
normal fatigue curve 1s known to be comprised of both an 1nitial fatigue phase and an
endurance or steady-state phase. A short fatigue protocol (e g. 30 secs or less) may only
reflect the rate ot development of fatigue in the early fatigue phase and would not
evaluate the endurance phase

Information on the rate of recovery from fatigue of PPS subjects versus controls
also could be collected and this may be more sensitive to evaluate the effects of the drug.
It has been shown that the rate of recovery from fatigue may be a distinguishing feature
of PPS subjects from asymptomatic polio or normal control subjects (Rodriquez and Agre,
1991). PPS is associated with a significant loss of motor units (Borg et al. 1989; Borg
and Hennhksson, 19915 Emarsson et al. 1990) and Rodriquez and Agre, (1991) reported
both a reduction 1 number and in recruitment of motor units in symptomatic PPS
subjects compated to asymptomatic subjects. However, these factors alone would not
explain the prolonged peritod for recovery of strength following performance of their
sometie fatigue protocol.

‘The PPS subjects differed in their level of involvement and disability following

polio ongmnally, as determined by retrospective chart reviews prior to entry to the study



(Appendix D). No tormal scale was used to classify the subjects because none have been
validated on PPS subjects  The observations of the apparent intluence ot the drug on
muscle strength must be further mvestigated It 18 known in disorders which atfect the
motor unit that muscle strength assessed manuatly can be maintamed w the notmal range
up until there is a greater than 50-70% loss of finctronal motor units (MeComas and
Upton, 1973: McComas, 1991). It is possible that intersubiect ditferences m the numbet
of functional motor units could account for observed ditterences in stiength and apparent
fatigability or resistance to fatigue

The fatigue protocol used in this study was not sensitive o detect an etiect ol
pyridostigmine on fatigue across the group of PPS subjects  The protocol may not have
been strenuous enough to demonstrate changes i fatigability in all of the PPS subjects
However, the results of the torque regression analyses showed negative stape values for
all of the PPS subjects but with inter-individual differences  ‘The range of percentage
decrease in torque over time also varied between PPS subjects both ON and OFF the
drug. Individual differences in functional abilities, habitual activity levels, or stage of
disease might influence a subject’s fatigability. It 15 possible that the small sample size
with high inter-subject variability would preclude the detecuon of a drug cffect  In
addition, individual subjects may have shown a progiessive improvement i their
performance of the protocol over the course of five test sessions, although a traming
effect in this patient population was not observed A single evaluatton while OFF the
drug, although necessary in this pilot study for ethical reasons, did not permut rehabihity

testing of performance OFF the drug. The availability of data from more repeated
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measures OFF the drug compared to ON, or the use of a placebo, may have increased the
chance of detecting a change,

It1s ditficult to explam the gender differences seen in the effects of the drug n
this study. This observation could have occurred due to chance on such a small group
of subjects.  Alternatively, the difference may have been due to different metabolism of
the drug between the sexes or it could simply be explained by differences in activity
levels. Itis not known if the male subjects had a greater proportion of fast twitch fibers
due to past o1 cutrent activity levels  This cannot be inferred from the results of this
study, however, given that three out ot the four male responders displayed a greater loss
of strength while OFF the drag rather than an increased rate of fatigability. There may
also be differences in the ettect of the drug which could be explained by the stage of the
disease progression or the balance of reinnervation/denervation processes.

In conclusion, the neuromuscular fatigue 1n persons with PPS can be disabling and
deserves  proper  evaluation and treatment.  Anticholinesterase agents, such as
pyridostignune, have been used eftectively to improve neutomuscular transmission in
myasthema gravis, and show promise in decreasing fatigue n some patients with PPS
(Trojan and Cashman, 1989). The 1esults of this study showed that a dynamic fatigue
protocol, tested with the Cybex 11 isokinetic device, 1s a reliable means of evaluating
fatigue of the hnee extensors in subjects with PPS, compared to normal controls. The
protocol was not shown to be sensitive enough to distinguish fatigue responses of PPS
subjects from notmal controls.  Nor did the protocol detect a positive effect of

pytidostigmine on neuromuscular fatigue m all PPS subjects who had originally
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subjectively responded to the diug (Trojan and Cashman, 1989),  Pyndostipnune s
believed to influence ncutomuscular fatigue, but m this study thus result was tae tor only
one male subject. However, the diug was shown to have a beneficial ettect on stiength
in three male subjects. These subjects may experience less fatigue because they are
stronger as a result of the drug A larger number of subjects studied, and modifications
to the fatigue protocol would be necessary in order to attempt to ditferentiate the etfect
of the drug on strength or fatigability. However, despite the study’s himtations, 1t 1s a
first attempt to evaluate fatigue objectively and also to deternune the effects of medication

used to treat the symptom n PPS.
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. Tahle 1 Subject Characteristics

Subjects Age Height Weight
(yr) (cm) (kg)
PPS 50.8 169.1 74.1
n=7 10.2 8.5 12.4
Normals 44.6 170.5 68.8
n=18§ 9.8 9.1 12.8

Values sre Means + SD



‘ Table 2 Visual Analogue (VAS) Pain Scores

PPS ON PPS OFF p-Value
0.85 1.62 0.69
0.9 3.2

PPS ON Normals p-Value
0.85 0.46 0.65
0.9 1.9

Values are Means = SD



. Table 3 Ratings of Perceived Exertion (Borg) Scores

PPS ON PPS OFF p-Value
15.1 17.4 0.03
1.1 1.1

PPS ON Normals p-Value
15.1 15.2 0.18
1.1 2.3

VYalues are Means + SD



Table 4 Intra-class Correlation Coefficients (1CC)

. Days 1, 2

Subject Movement Peak Torque  Torque Torque
Group 1.05 rads 0.79 rads
PPS* Extension 0.95 0.97 0.97
Flexion 0.81 0.74 0.57
Normals Extension 0.95 0.94 0.95
Flexion 0.78 0.85 0.85
Days 1,2,3
Subject Movement Peak Torque  Torque Torque
Group 1.05 rads 0.79 rads
PPS* Extension 0.99 0.95 0.94
Flexion 0.92 0.78 0.85
Normals Extension 0.97 0.96 0.97
Flexion 0.85 0.91 0.92

* PPS subjects at baseline on pyridostigmine (60 mg po tid)



Table 5 Intra-class Correlation Coefficients (ICC)

Days 1, 2
Subject Group Movement Total Average
Work Power
PPS* Extension 0.16 0.46
Flexion -0.48 0.89
Normals Extension 0.91 0.90
Flexion 0.93 0.90
Days 1, 2,3
Subject Group Movement Total Average
Work Power
PPS* Extension 0.99 0.99
Flexion 0.73 0.71
Normals Extension 0.94 0.93
Flexion 0.93 0.91

* PPS subjects at bascline on pyridostigmine (60 mg po tid)



Figure la. Total contractile work (group mean F* standard deviation) of
knee extensor muscles of PPS versus normal control subjects, measured
across three test days.

Figure 1b. Average power (group mean * standard deviation) of knee
extensor muscles of PPS versus normal control subjects, measured
across three test days.
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Figure 2a. Absolute torque (group mean of every fifth contraction +
standard deviation) of the knee extensor muscles of PPS versus normal
control subjects during the fatigue protocol.

Figure 2b. Normalized (to first contraction) torque (group mean *+
standard deviation) of the knee extensor muscles of PPS versus normal

control subjects during the fatigue protocol.
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Figure 3a. Total contractile work (group mean % standard deviation) of
knee extensor muscles of PPS subjects while ON pyridostigmine 4 days
versus OFF 1 day.

Figure 3b. Average power (group mean * standard deviation) of knee
extensor muscles of PPS subjects while ON pyridostigmine 4 days
versus OFF 1 day.
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Figure 4a. Angle-specific torque (at 1.05 rads) of knee extensor
muscles (mean of every fifth contraction * standard deviation) while ON
drug versus OFF drug. The illustrated results are from one PPS subject
who is representative of 3 male subjects who displayed a positive cffect
of pyridostigmine on strength.

Figure 4b. Angle-specific torque (at 1.05 rads) of knee extensor
muscles (mean of every fifth contraction * standard deviation) while ON
drug versus OFF drug. The illustrated results are from one PPS subject
who displayed a positive effect of pyridostigmine on fatigability.
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Figure 5. Angle-specific torque (at 1.05 rads) of knee extensor muscles
(mean of every fifth contraction = standard deviation) while ON drug
versus OFF drug. The illustrated results are from one PPS subject who

is representative of 3 female subjects who displayed no effect of
pyridostigmine.
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4.0 Conclusion
The symptoms ot fatigue and muscle weakness among persons diagnosed with post
polio syndiome can be disabling and deserve proper evaluation and teatment
Anticholinesterase agents have been used eftectively o mmprove  neuromuse ulan
transmission 1n persons with myasthenia gavis, and show promise tor some patients with
PPS. This study 1s a tust attempt to objectively evaluate the etfects of the medication on
neuromuscular fatigue and isokimetic strength i this population of persons with post polio
syndrome  The research 1clated to the two phases of this thests manuscipt hay
demonstrated that senal sokmetic assessment of stiength and tatgability of the knee
extensors 1s a 1ehable method of measurement of muscular performance i subjects with
PPS, contrasted to normal controls. However, even though reliabihity of measurement was
shown, this piotocol was not sensitive enough to distinguish neuromuscular fatipue
responses of PPS subjects from normal controls  Even though all of the PPS subjects
were reported to have had a positive effect of the drug on neuromuscular fatigue from a
preliminary study, the objective results of this study did not confirm all of them as
responders. In tact, the diug had an apparent beneficial effect on stiength i thice male
subjects and on fatigability in only one male subject. The temale subjects demonstrated
no beneficial effects of the drug on fatigability, which was unexpected  The hnntations
in the study did not allow for an explanation of discrepancy in the effect of the drug on
strength versus fatigability
However, this preliminary work emphisizes the importance of rehabihity of

measurement of fatigue. This information can now be combied with the expertise of
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other 1esearchers to use a standard isomemnie protocol e combination with the twatch
mterpolatton  techmque  and - sutface  or dwelling  clectiodes o evaluate - both
neuromuscular fatigue and recovery. Onee it has been determuned that these methods are
reliable, valid and feasible in PPS subjects, then o closer exammation of the etfects ol

pyridostigmine can proceed.
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5.0 Limitations and Recommendations:

The results of this study should be of interest to both chinicians and 1escarchers
iepardmg the evaluation of strength and newromuscular fatigue in PPS subjects compared
to nommal controls — Isokietic testing of stiength was shown to be 1ehable. However,
isokinetie testng of fatigue employmg this study’s particular protocol was reliable but not
valid i terms of bemg able to distingursh between PPS subjects and normal controls, or
while PPS subjects weire ON or OBl pyndostigmine. The conclusions that can be drawn
from tis research are Inted py such things as the small sample sizes and heterogeneity
of the PPS subjects  Limitations particular to the testing procedure include. 1) no
evaluation of 1sometrie suength o fatigability 2) no determination of level of motor
output as a pereentage of maxumal voluntary activation (MVC) 3) inadequate control for
the butld up of contractile tenston prior to movement through a pre-selected range of
motion 4) possible tatlure to record responses beyond the initial phase of the fatigue curve
and 5) no record of pattern of recovery following fatigue.

An 1sokietic protocol 1s feasible to test strength and fatigability. 1t does not
appeat to cause undue pam or delayed muscle soreness which would influence a subject’s
forque output. - A protocol which evaluates only one muscle group at a time may provide
mote rehable results than areciprocal protocol. The use of an 1sokinetic device equipped
with a pre-load (Prette et al 1986) which allows conuactile tension to build before
movement 1s permitted 1educes the mipact artifact and allows torque to b registered
through a pre-set standard range ot movement 15 recommended.

An isometiie protocol which permits measurements at optimal muscle length, and
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at a pre-determined percentage ot masimal voluntary conttaction {MVCY would be an
option.  This protocol combimed with the twitch mterpolation techugque would provide
greater control over central activation and would improve the evaluations of stiength and
fatigability. The size of the muscle studied would not be a tactor it one 1y concerned with
evaluating the effect of a diug on nevtomuscular function.  Muscles smaller than the
quadriceps femoris could be studied. This combined with isometiie testing would allow
for a larger sample of subjects with PPS to be recrunted

The cuntent methodology could have been stengthened by the use ot more
detailed questionnanes which would document ditferences in each subject’s past fevel of
physical fitness and activity, as well as then cutient fevel of acuvity 1t would also have
been important to document any change m a subject’s activity level while OF'E the diug
compared to the days ON the diug. The apparent ctfect of the diug on stuength in some
subjects and the mncomplete understanding ot the phenomenon of overuse weakness m
PPS subjects underhie the timportance of recording activity levels  This intormation nught

help to distinguish between apparent weakness and presumed fatigability
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00 Appendices

A)r World Health Organization (WHQO) Polio Statistics

B) Visual Analog Scale of Pain / Clinical Status Questionnaire
(') Borg Scale of Perceived kxertion

D) Medical Chart Review Form

) Consent Forms
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