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Abstract

Post-poliomyelitis syndrome is defined as a clinical syndrome of new weakness, fatigue and pain which
can occur several decades following recovery from paralytic poliomyelitis. The cause of this disorder is
still unclear, and many possible etiologies have been proposed. The most widely accepted etiology was
first proposed by Wiechers and Hubbell, which attributes PPS to a distal degeneration of massively
enlarged post-polio motor units. Other probable contributing factors to the onset of this disease are the
ageing process, and overuse. Currently, there is no specific diagnostic test for PPS, which continues to be
a diagnosis of exclusion in an individual with symptoms and signs of the disorder. © 1997 Elsevier
Science Ireland Ltd.
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1. Introduction

Post-polio syndrome (PPS) is the term most commonly used to describe the new difficulties which may
occur many years after recovery from paralytic poliomyelitis [1-7]. Although many symptoms may be
reported by these patients, the most commonly reported are new weakness, fatigue, and pain. Therefore,
these three symptoms have been used to define PPS. This article will concentrate on the symptoms of new



weakness and fatigue, because these symptoms are most likely referable to the motor unit. Currently, it is
unclear how the symptom of pain, which is uncommmon in the classical motor unit diseases such as
amyotrophic lateral sclerosis, is related to disease of the motor unit.

Although the definitive etiology of PPS (new weakness, fatigue) is unclear, a consensus as to the most
likely cause is beginning to emerge. Jubelt and Cashman [4] reviewed nine possible causes of PPS. These
included (1) chronic poliovirus infection, (2) death of remaining motor neurons with the normal ageing
process, (3) premature ageing of cells permanently damaged by poliovirus, (4) premature ageing of
remaining normal motor neurons due to an increased metabolic demand, (5) loss of muscle fibers in
enlarged, reinnervated motor units with age, (6) predisposition to motor neuron degeneration because of
glial, vascular, and lymphatic damage caused by poliovirus, (7) poliomyelitis-induced vulnerability of
motor neurons to secondary insults, (8) genetic predisposition of motor neurons to both poliomyelitis and
premature degeneration, and (9) an immune-mediated mechanism. The most likely possiblity, that of a
peripheral disintegration of enlarged post-polio motor units, which was first proposed by Wiechers and
Hubbell [8], will be discussed in greatest detail.

The normal ageing process which is associated with a gradual dropout of motor units [4,9-11] and other
changes such as growth hormone and insulin-like growth factor-1 (IGF-1) deficiency [12-16] is most
likely a contributing factor. Overuse [17,18] and conversely disuse [19] are other probable contributing
factors for the development of PPS. Still uncertain is the significance of poliovirus genome fragments
detected in cerebrospinal fluid of PPS patients [20-27], and the role of immune mechanisms [3,28-31].

2. Peripheral disintegration of enlarged post-polio motor units and new weakness in PPS

Acute paralytic polio involves motor neuron invasion by poliovirus, and is primarily a disease of the
motor unit (defined as a motor neuron together with all the muscle fibers that it innervates). Pathological
studies have revealed that poliovirus can also produce lesions in the cerebral cortex, primarily in the
precentral gyrus, hypothalamus, thalamus, motor nuclei of the brainstem, reticular formation, vestibular
nuclei, roof nuclei of the cerebellum and neurons in the intermediate columns [32,33]. During acute polio,
motor neuron invasion can result either in cell death or injury as shown in Fig. 1 [4,32]. Motor neuron
death will cause denervation of the muscle fibers it supplies, which may produce clinical weakness.
Pathological studies have revealed that in limbs with minimal paralysis or normal function, up to 20% of
the motor neurons could be destroyed [34]. During the recovery process following acute polio, remaining
brainstem and spinal cord motor neurons can elaborate new branches, or axonal sprouts. Sprouts can form
from three areas of a motor neuron; from the terminal axon, from the proximal unmyelinated axon, or
from the more proximal nodes of Ranvier. These sprouts can reinnervate muscle fibers which have lost
their innervation due to acute polio (Fig. 1). Sprouting can restore the capacity of voluntary muscle fiber
contraction, and thus improve clinical strength. In addition to sprouting, muscle fiber hypertrophy of
innervated muscle can contribute to the recovery of strength after paralytic polio.



Fig. 1. Normal: Three normal motor units are illustrated. Acute Polio:
Poliovirus invasion of one motor neuron produces degeneration of the motor
neuron with denervation of muscle fibers innervated by that neuron.
Recovery: Recovery following paralytic polio occurs by local sprouting from
surviving motor neurons with reinnervation of some or all muscle fibers.
Recovery may also involve muscle fiber hypertrophy (not illustrated). Post-
polio syndrome: A distal degeneration of enlarged post-polio motor units with
denervation of muscle fibers is believed to be the most likely cause of post-
polio syndrome.
This figure is reprinted with permission from Milestone Medical
Communications, A Division of Ruder-Finn, from a disease management
monograph entitled 'Current Trends in Post-Poliomyelitis Syndrome' (1996).

Motor neuron sprouting produces at least two changes in a motor unit. First, sprouting increases motor
unit size. Muscle biopsy studies have shown that after recovery from acute paralytic polio, motor neurons
may be innervating up to eight times the number of muscle fibers they would normally supply [35]. Other
studies have shown that even with a loss of 50% of motor neurons supplying a particular muscle,
sprouting can achieve complete reinnervation with normal muscle strength [36]. Second, motor neuron
sprouting can produce fiber type grouping. There are at least three histochemical muscle fiber types,
which in a normal muscle are distributed in a 'mosaic' pattern throughout a muscle fascicle. The
histochemical type of a muscle fiber is determined by the motor neuron by which it is innervated. Thus,
local motor neuron sprouting will produce a grouping of histochemically similar muscle fiber types.

Wiechers and Hubbell [8,37] have proposed that these abnormally enlarged motor units after acute
paralytic polio are not indefinitely stable, but that terminal axonal sprouts degenerate over time producing
denervation of muscle fibers (Fig. 1). It is possible that some of these denervated muscle fibers may
become reinnervated by sprouts from neighboring motor neurons, producing a continuous 'remodeling'
process of the post-polio motor units. However, some of these muscle fibers will become permanently
denervated, producing a gradual denervation with increasing weakness. The investigators also
demonstrated that jitter on single fiber electromyography (SFEMG; a measure of neuromuscular junction
function and thus terminal axonal integrity in polio muscles) increased with time since acute polio. Even
though no other investigators have been able to reproduce these results, the theory based on these findings
has been upheld by other studies.

Muscle biopsy studies probably provide the best evidence for the Wiechers and Hubbell hypothesis. A
muscle fiber that has lost its innervation for a few weeks' time can display fiber atrophy and is termed an
angular atrophic fiber on muscle biopsy. If the fiber remains denervated for months, it becomes a tiny
'nuclear bag.' Post-polio muscles on biopsy contain isolated angular atrophic fibers which were most
likely denervated a few weeks prior to the biopsy. In addition, many extremely atrophic nuclear bags are
found, some of which may be present from the original illness. The finding of isolated atrophic fibers
suggests degeneration of terminal axons, as hypothesized by Wiechers and Hubbell. If PPS were a motor
neuron disease (such as amyotrophic lateral sclerosis), then it would be expected that the muscle fibers of
entire motor units would become simultaneously denervated. Even though some group atrophy is found
on post-polio muscle biopsies, the predominant finding is scattered fiber atrophy. Because of these
findings, new weakness in PPS is most likely due to degeneration of terminal axons, and not to death of
motor neurons.

Despite the above findings, there are some difficulties with this hypothesis. Evidence for denervation
(both on muscle biopsy and electromyography studies), occurs both in patients with past polio who are



noting new weakness, and in patients with past polio without new weakness [38]. In addition, a
specialized electrophysiologic technique, macro-electromyography (macro-EMG; which can estimate
motor unit size) does not reproducibly detect a gradual decline in motor unit size. In one study [39],
macro motor unit potential amplitudes were found to be smaller in post-polio muscles with new weakness
and atrophy than in post-polio muscles of normal strength or in weak but stable post-polio muscles. This
would be consistent with the Wiechers-Hubbell hypothesis. In another study where macro-EMG was
performed prospectively on subjects, motor unit size actually appeared to increase over time after acute
polio [40].

3. Neuromuscular junction defects and muscle fatiguability in PPS

Fatigue in PPS is probably the major and most disabling symptom in PPS [2,41]. It can be either general
or muscular, but frequently both occur concurrently. General fatigue is usually described as a 'flu-like'
exhaustion, and is typically worse with physical activity and later in the day. Manifestations can include
an increased sleep requirement, naps during the day, and decreased concentration. Muscle fatigue (or
muscle fatiguability) is defined as increased muscle weakness with exertion, which improves with rest.
However, when PPS patients have been compared to controls, the symptom of general fatigue occurred
with a similar frequency in both groups, but muscle fatigue occurred significantly more commonly in PPS
[42]. Therefore, muscle fatigue appears to be a unique and characteristic feature of PPS.

General and muscular fatigue in PPS have been attributed to a number of possible central and peripheral
causes [43]. Proposed etiologies of central fatigue include chronic pain, respiratory dysfunction, 'type A'
behavior, sleep disorders, dysfunction of the reticular activating system, and reduced dopamine secretion
[44-48]. Possible causes of peripheral fatigue that involve the motor unit include metabolic exhaustion of
massively enlarged post-polio motor units, neuromuscular junction transmission defects, overuse
myopathy, and fiber type disproportion [4,18,49-51].

Because of similar clinical and electrophysiological features of PPS with myasthenia gravis (a known
disorder of the neuromuscular junction), we have hypothesized that muscle fatigue in PPS can be
attributed to neuromuscular junction transmission defects. Muscle fatigue observed in PPS is reminiscent
of that in myasthenia gravis. In addition, both disorders have evidence for neuromuscular junction defects
on SFEMG studies as well as on repetitive stimulation studies [3,8,38,52-54].

If terminal axonal degeneration is the cause of new weakness in PPS, it is likely that there is a period of
terminal axonal dysfunction that may preceed degeneration by months to years. This period of terminal
axonal dysfunction may be amenable to potential therapies that would not be useful once degeneration and
denervation has occurred. Terminal axonal dysfunction may manifest itself as ineffective acetylcholine
release at the nerve terminal. Terminal nerve fibers release acetylcholine into the neuromuscular junction,
which then binds to acetylcholine receptors on muscle cells. This can then produce a muscle contraction.
Normally, acetylcholine is rapidly broken down in the neuromuscular junction by the enzyme
acetylcholinesterase. Many investigators have reported evidence for neuromuscular junction transmission
defects in patients with past paralytic polio. These have included increased jitter on SFEMG, a decrement
on repetitive stimulation, and an increased sensitivity to nondepolarizing muscle relaxants [3,8,38,52,56].

Investigators who have found increased jitter on SFEMG have intrepreted this finding as evidence for
ongoing denervation and reinnervation in post-polio motor units as well as defective neuromuscular
juction transmission. This notion was supported by findings in a recent stimulation SFEMG study which
evaluated jitter at varying stimulation frequencies [57]. In a large proportion of PPS patients, jitter was
significantly higher at high stimulation frequencies than at low stimulation frequencies. The patients who
displayed this phenomenon were a significantly longer time since acute polio, indicating that this may be



an acquired defect following paralytic polio. In contrast, this phenomenon was a rare finding in normal
controls. In addition, neuromuscular junction defects in PPS can be ameliorated with the
anticholinesterase edrophonium [51], providing further evidence for defective acetylcholine release as a
cause for neuromuscular junction transmission defects in PPS.

Repetitive stimulation studies have also provided evidence for neuromuscular junction defects in patients
with previous polio. Hodes [52] found a decrement of the compound muscle action potential amplitude on
repetitive stimulation in patients with previous paralytic polio. He also reported an amelioration in this
abnormality with anticholinesterase agents. More recent studies have shown that the decrement of the
compound muscle action potential amplitude is apparent at high stimulation frequencies, but not low
stimulation frequencies in patients with PPS [58]. This finding is consistent with previous SFEMG
studies, and also suggests that acetylcholine release may be a limiting factor.

Post-polio patients are also known to have an increased sensitivity to non-depolarizing relaxants such as
D-tubocurarine, pancuronium, and gallamine [56]. This suggests that acetylcholine release may be
suboptimal in motor units following paralytic polio.

Muscle biopsy studies provide further evidence for neuromuscular junction transmission defects in post-
polio muscles. Electron microscopy studies of post-polio neuromuscular junctions show dilated or bizarre
terminal axons with reduced acetylcholine vesicles [59]. In addition, muscle of patients with past polio
has been studied histochemically with neural-cell adhesion molecule (N-CAM). In normal adult muscle,
N-CAM is found only at end plates, satellite cells, and intramuscular nerves [60]. Surface and
intracellular N-CAM is known to accumulate in experimental denervation, paralysis, or fiber regeneration
[55,61]. N-CAM immunoreactivity occurs within two days of transection, which is long before
conventional muscle biopsy criteria of denervation. N-CAM then disappears on reinnervation or complete
regeneration [55,61]. In addition, NCAM immunoreactivity on myofibers has been found to be absent in
normal muscle, but present in patients with ongoing denervation or myopathies with prominent fiber
degeneration and regeneration [55]. In patients with past paralytic polio (both stable and those with new
weakness), N-CAM expression in non-atrophic muscle fibers can be 10% or more [38]. Because less than
1% of muscle fibers in muscle of patients with past paralytic polio are permanently denervated [38], many
post-polio muscle fibers may have borderline transmission of nerve impulses. Thus, N-CAM studies in
post-polio muscle are consistent with significant and widespread neuromuscular junction transmission
defects.

4. Contributing factors to post-poliomyelitis syndrome

Contributing factors to the development of PPS can be the normal ageing process, overuse, and disuse.
The normal ageing process is known to involve a gradual dropout of motor neurons, and a decline in
growth hormone and consequently IGF-1. Normal loss of motor neurons becomes prominent after age 60,
and the superimposition of this process on the already limited number of motor neurons present after
paralytic polio may contribute to the development of PPS [4,9-11]. Plasma IGF-1 has been reported to be
low in patients with prior paralytic polio (including those with PPS) as compared with healthy controls
[15,16], although another study did not report this finding [62]. Despite these contradictory findings, the
normal decline of growth hormone and IGF-1 could contribute to PPS. Growth hormone stimulates IGF-1
production. Both growth hormone and IGF-1 support regeneration of peripheral nerves after nerve injury,
including sprouting, and muscle fiber hypertrophy [63-68]. In addition, in one analytic epidemiologic
study a greater age at presentation to clinic was a risk factor for PPS [69], whereas another study [70] did
not confirm this finding.

Overuse is also thought to be a contributing factor to PPS. Knowlton and Bennett [17,71] reported several



cases of individuals 2-23 years following paralytic polio, and concluded that overuse produced increased
weakness. Perry and co-workers [18] performed dynamic EMG studies during gait in 34 PPS patients, and
found evidence of overuse primarily in the biceps femoris and quadriceps muscles. The investigators
concluded from these and other studies [72] that overuse was the cause of PPS. In addition, increased
creatinine kinase (CK) levels have been found in symptomatic patients after polio, but not in equally weak
asymptomatic patients after polio [70]. CK levels were found to be significantly correlated with distance
of ambulation in postpolio patients, suggesting that exercise is the cause of elevated CK in this population
[73]. Since elevated CK levels can be a marker for muscle injury, the increased CK levels may indicate
muscle injury or overuse in post-polio patients. In our case-control study, we found that a greater length of
time after paralytic polio was a risk factor for PPS, and that muscle pain (especially that associated with
exercise), joint pain, and a recent weight gain were associated with PPS [69]. All of these factors can be
markers of overuse, providing further evidence for this theory.

Muscle disuse can also be a contributing factor to the onset of PPS. Disuse is well known to produce
muscle weakness and deconditioning in normal individuals [74], and most likely produces similar
changes in patients with past paralytic polio [19]. Patients with past polio have been noted to have short-
term increased weakness after a period of decreased activity secondary to illness or injury [75]. In our
clinical experience, we have noted that periods of decreased activity may precipitate the onset of increased
weakness.

5. Diagnosis of post-polio syndrome

The diagnosis of PPS is one of exclusion, and is clinically based. There is no specific diagnostic test
which can distinguish symptomatic from asymptomatic survivors of past paralytic polio [38].
Conventional EMG, SFEMG, muscle biopsy, and N-CAM immunohistochemical studies in patients with
PPS and in asymptomatic polio survivors are consistent with ongoing denervation in both groups of
patients [38]. In addition, abnormalities indicating active denervation were found with similar frequency
in both patient groups.

There are no well established diagnostic criteria for PPS. Mulder and coworkers [76] first proposed
criteria for the onset of new weakness many years after acute paralytic polio: (1) a credible history of
acute paralytic polio, (2) partial recovery of function, (3) a period of stability of at least 10 years' duration,
and (4) the later development of progressive new weakness. They also suggested that there should be no
other cause of the new weakness. In more recent years, Halstead [47], has proposed more complete
criteria for PPS. They include: (1) previous acute paralytic polio which is confirmed by history, physical
examination, and EMG studies, (2) a period of recovery followed by a period of neurological and
functional stability of at least 20 years' duration before the onset of new difficulties, (3) the gradual or
abrupt onset of new neurogenic weakness which may or may not be accompanied by other difficulties
such as excessive fatigue, muscle pain, joint pain, decreased endurance, decreased function, and atrophy,
and (4) the exclusion of medical, orthopedic, or neurologic disorders which could be producing the new
problems. According to this definition, new weakness should not be due to disuse although this may be
difficult to ascertain. In our opinion, a more practical definition of PPS would include the above criteria
with the exception of EMG studies which should be reserved for those with unclear evidence for past
paralytic polio based on history or physical examination, and those who may have certain superimposed
neurologic conditions (such as compressive neuropathies, or peripheral neuropathies).

6. Differential diagnosis of post-poliomyelitis syndrome

In a patient with past paralytic polio presenting with new symptoms, the diffential diagnosis will be



dependent upon the specific symptoms of the patient. It is also important to note that many patients with
past paralytic polio have developed a distrust or dislike of the medical profession (perhaps due to many
months of hospitalization at a young age), and may come to clinic without seeing a physician for decades.
In this situation, it is important to develop a trustful relationship with the patient and to consider other
disorders which could be producing any new symptoms, and which may have nothing to do with previous
paralytic polio. For example, hypothyroidism and rheumatoid arthritis may produce pain, weakness, and
fatigue. In our experience, undiagnosed or undertreated hypothyroidism occurs fairly frequently in
patients presenting with new symptoms to a post-polio clinic, and adequate treatment results in complete
or partial resolution of 'PPS.'

General fatigue is a very common symptom in the general population, and may be due to a variety of
causes. Some of these causes can include respiratory dysfunction, sleep apnea, depression, sleep
abnormalities, chronic pain, and a variety of medical disorders including hematologic abnormalities (e.g.
anemia), endocrinological abnormalities (e.g. hypothyroidism), cardiac dysfunction, cancer, chronic
systemic infections, and rheumatological disorders.

Pain in patients with past paralytic polio can be due to a variety of causes. It can be caused by muscular
abnormalities, joint and soft tissues abnormalities, and other superimposed neurological abnormalities.
Possible causes for muscular pain include a 'post-polio muscular pain' [19], muscular overuse, muscular
cramps, fasciculations, and fibromyalgia [77]. We have found that fibromyalgia occurs frequently in a
post-polio clinic. Wolfe et al. showed that 10.5% of patients met the criteria for fibromyalgia [78],
whereas another 10.5% had a fibromyalgia-like syndrome with 5-10 tender points on examination.
Patients with past polio who had fibromyalgia responded to specific treatment for this condition [77].
Treatments included low-dose, night-time amitriptyline, night-time cyclobenzaprine, fluoxetine, naproxen,
and aerobic exercise [77]. Some of the symptoms of fibromyalgia (especially pain and fatigue) were very
similar to those of PPS, however the two disorders also occurred concurrently [77]. Joint and soft tissue
abnormalities which may produce pain include osteoarthritis, tendonitis, bursitis, degenerative disc
disease, scoliosis, ligamentous strain, joint deformities, and failing joint fusions. These conditions in many
cases most likely result from chronic overuse or abnormal use of joints and extremities due to muscle
weakness as a result of past paralytic polio and PPS. Some superimposed neurological abnomalities which
can produce pain include peripheral neuropathies, radiculopathies, and spinal stenosis.

New weakness can be due to other superimposed neurological disorders, however a variety of medical
problems can also produce the symptom of new weakness. Some neurologic diseases to be considered
when evaluating a patient with past paralytic polio and complaints of new weakness are listed in Table 1.
These include disorders which are relatively common in the adult population such as spinal stenosis,
radiculopathy, and cervical spondylosis. Other motor neuron diseases such as amyotrophic lateral sclerosis
can also occur, however the frequency of this disease is not increased in those who have recovered from
paralytic polio.

Table 1
Neurological disorders to exclude in diagnosing PPSa

Adult spinal musuclar atrophy
Amyotrophic lateral sclerosis
Cauda equina syndrome
Cervical spondylosis
Chronic inflammatory demyelinating polyneuropathy
Diabetic amyotrophy



Entrapment neuropathy
Heavy metal toxicity
Inflammatory myopathy
Multifocal motor conduction block
Multiple sclerosis
Myasthenia gravis
Parkinson's disease
Peripheral neuropathy
Radiculopathy
Spinal cord tumor
Spinal stenosis

aThese diseases may also occur concurrently with PPS.
This table is reprinted with permission from Milestone Medical Communications, a Division of Ruder-
Finn, from a disease management monograph entitled 'Current Trends in PostPoliomyelitis Syndrome'
(1996).

7. Conclusion

In conclusion, it may be useful to consider PPS as being caused by two abnormalities in the motor unit.
The first is a progressive lesion which is degeneration of terminal axons which results in permanent
slowly progressive new weakness. The second is a fluctuating lesion most likely secondary to defective
synthesis, storage, and release of acetylcholine, which results in neuromuscular junction transmission
defects and in the symptoms of muscle fatiguability and secondary generalized fatigue. Other factors
which may contribute to the development of PPS are ageing, overuse, and disuse. The diagnosis of PPS
involves the exclusion of other conditions which could produce similar symptoms in a patient who
presents with symptoms and signs typical for PPS.
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