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Abstract A “post-polio” syndrome characterized by new
neuromuscular symptoms, including muscle weakness,
may develop years after recovery from acute paralytic po-
homyelms. We studied 27 patients (mean age, 50.6 years)
in whom new muscle weakness developed a mean of 28.8
years after recovery from acute polio. We reevaluated
these patients during a2 mean follow-up period of 8.2 years
(range, 4.5 to 20) after they were originaily studied at the
National Institutes of Heaith. The total mean follow-up pe-
riod after the onset of new weakness was 12.2 years
(range, 6 to 29). The patients were assessed with quanti-
tative muscle testing, muscle biopsy, electromyography,
and virologic and immunologic examination of the cere-
brospinal fluid.

Muscle strength had declined in all patients. The rate of
decline averaged 1 percent per year. The decrease was
irregular, with subjective plateau periods that ranged

UCH anxiety has arisen among the estimated

300,000 survivors of polio in the United States
because ¢* recent reports about a new muscular weak-
ness, often called the “post-polio syndrome,” that de-
velops in some of these perso~s.! Itis known that some
people may experience new lmt..romuscular symptoms
many years after their recovery from acute paralvric
poliomyelitis.>8 These symptoms vary from simple
nonprogressive deterioration of function, with joint
pain, fatigue, and subsequent stabilization,* to atypi-
cal forms of spinal muscular atrophy?3 or to what
appears to be a Ior*\» fruste of amyotrophic lateral
sclerosis (ALS).*®!* The new, siowly progressive
muscle weakness, wn'>n we have termed “progressive
DOSt- r:oiiomyeiitis mscular atrophy (PPMA),”*7 mav
occur in r.uscles that were previously affected by polio
and recovered or in muscies 'hat were clinically un-

affected by -h« acute liseas. The cause and rate of
‘JI’O%’I“’;SiOI‘J of PPMA, the future anticipated dis-

ability, and the A_UK of ALS
in smail series;®'°

{which has been reported
~mong patents with the disorder

are unknown.

[nanatterrp 0 answer some of these questions, we
resvaiu uated 27 satients who had recovered from poiio
and who were ily admirted to the National Insu-

u 260 o 1981 because of PPMA that
vas complete neurologic and electro-
shysiclogic sxaminations and studied by means of
¢ nscie blopsies and analvses of the spinal fuid. In
this articie, we report our “nmngs in the same group
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diagnosed by

I patients after i mean "low-up period of 3.2
ears (range, +.3 w0 20). The patients were evaluared
vith a foilow-up series of neurologic, eiectrophys-
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from 1 to 10 years. None of the patients had amyotrophic
lateral sclerosis. Qligocional bands (IgG) were found in
the cerebrospinal fluid of 7 of 13 patients studied, but
no specific elevation of antibodies to poliovirus was
observed in the cerebrospinal fluid. The newly affected
muscies that were evaluated longitudinaily with follow-up
muscle biopsies and electromyography showed signs of
chronic and new denervation. Groups of atrophic muscle
fibers (group atrophy) and “neurogenic jitter” were not
present.

New post-polio muscle weakness is not a life-threaten-

ing form of motor-neuron deterioration. It appears that this
weakness is not due to a loss of whoie motor neurons, as

Y

in amyotrophic lateral sclerosis, but that it is due to a dys-

function of the surviving motor neurons that causes a siow |

disintegration of the terminals of individual nerve axons.
(N Engl J Med 1986; 314:953-63.)

iologic, single-fiber electromyographic, and muscle-
blopsy studies. Virologic and immunologic investiga-
tions of the serum and cerebrospinal fluid were also
conducted.

MEeTHODS
Patient Selection

All patients, who were studied after giving informed consent, had
a history of acute paraivtic poliomyeiitis in childhood »- adoles-
cence. This was established by a careful review of recorc: :» docu-
ment as weil as possible the clinical occurren<e of an acute febrile
illness followed Ly paralvsis. We checked 1.~ neighborhood or
school epidemics, and we selected patients w' . were affected in the
United States, particularly durng the lates epidemics, when the
diagnosis of poliomyelitis was probably made with more accuracy.
All patients were referred to the National In- itute of \feurologxcal
and Communicative Disorders and Stroke by their private phvs;—
cians because they had begun to experience new muscie weakness.
The patients enroiled in the studv fuifilled the follow g criteria:
they had partial recovery of motor ranition aft.. poiio : »4 function-
al stability or recovery for ai least 15 v=a. " they 1ad residual muscle
atrophy, weakness, and aredexia ™ at le.st sne limb but with nor-
mal sensation; and they had new muscle we:. ~ess and neuromuscu-
lar symptoms that were unreiated to any or’:¢ neuroiogic or medi-
cal disorder. Patlents with symptom;, duc ‘o injury, compression
acuropathy {rom the use of crutches . r “vheelichairs, or radicuiop-
athies during the initial evaiuation ¢ e iollow-up visits were ex-
cluded. Patients were 2i50 excluded 17 thay had diaberes. polyneu-
ropathy, collagen vascular disease, expo.ire to toxic agents, other
major viral illnesses, or a family bistory of neuromuscular disease.
Oniy patents who were less than 50 vears oid at the initai visit
(mean age, 42.7; range, 24 to 39) were entered in the study. This
was done 1o exclud« patents who were subject to a loss of motor
neurons due to . rmai aging. UIUmatelv, 15 men and (2 women
were included in the investigation.

Neuromuscuiar Zvaiuation and Latoratory Studies

.11 patents were given neurclogic examinations by severai neu-
logists from the [nsututes; specific attention was paid to neuro-
muscular function and quantitation of the patients’ muscie slrcngth
‘n refaden o the scale developed by the Medical Research Coun-
valuations pertormed during bom the initial and follow-up
uonal Institutes of Heaith inciuded a compiere
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blood count, blood chemistry and cerebrospinal fluid analyses, as-
sessment of serum muscie enzymes, creatine kinase, aspartate
aminotransferase, and alanine aminotransferase, electromyogra-
phy, nerve-conduction studies, and opén-muscle biopsy of a speci-
men from one of the currently affected muscles.

The muscie biopsy specimens were processed for histochemical
analyses of muscle enzymes.'? During the follow-up admission, six
patients were also tested with singie-fiber electromyography that
used standard techniques.'® These data were analyzed for fiber den-
sity, which is the average number of muscle fibers recorded by the
needle during a single placement; jitter, which is the mean consecu-
tive difference in the intervals between the activation of two muscle
fibers in the same motor unit; blocking, the failure of a muscle fiber
to activate when its motor unit is activated; and neurogenic jitter, a
synchronous variation of at least two muscle fibers with respect to a
third that must be due to an abnormality of the nerve rather than
the neuromuscular junction. In the follow-up visits, serum and cere-
brospinal fluid from 13 patients were tested for oligoclonal bands
with immunofixation, as previously described,'*!5 and for viral
antibodies to measies and to poliomyelitis virus type 1 (Maloney
strain), type 2 (mouse-embryo fibroblast strains), and type 3 (San-
kett strain), with a neutralizing antibody assav and with an enzyme-
linked immunosorbent assay!® (and Dalakas MC: unpublished
dara). The extent of production of poliovirus antibody inside the
blood-brain barrier was determined by making a correction for the
permeability of the blood—brain barrier by use of the ratio between
the cerebrospinal fluid and the serum aibumin level.!”

Neuromuscuiar Quantitation of Strength

The patients’ own descriptions of the functional decline in their
muscle strength were recorded. We also used an objective quantita-

tive assessment of the newly developed muscle weakness in order to

establish the degree of progression of that weakness. Because the
initial quantitative muscie testing of patients with PPMA was based
on the Medical Research Council rating,'! we used the same Medi-
cal Research Couvncil scale during our foilow-up evaiuation to esti-
mate the degree of decline in the strength of the affected muscles.
Since almost all the patients had a residual asymmetric weakness
from the attack of polio years earlier and PPMA is predominantly a
focal condition involving the muscie groups of one or two extrem-
ities,*’ we needed a formula that would allow quantitative determi-
nation of the changes in the function of ail four extremides, based
on the Medical Research Council rating for each muscie group in
each limb. For this reason, we considered the total normal strengtt.
of the four limbs as 100 points of neuromuscular ‘unction and
assigned 25 of those points to each of the four extremities. These 25
points were equaily distributed among five major muscie groups
(e.g., in the leg, 5 points each were assigned to the foot =xtensors,
foot flexors, knee extensors, knee flexors, and hip flexors and exten-
sors). Five points of neuromuscuiar functon of each of the major
muscie groups corresponded to a “5” (normal) rating on the Meci-

cal Research Council scale.'! Weaker muscie groups that rated 4, 2

2, 1, and 0 on the scale received 4, 2, 2, |, and 0 points, respectively.
These calculations provided an automatic estimate of the cumula-
tive total strength of every limb. The points for the totai sire ngth
that remained at the initial and subsequent follow-up visits were
plotted against the age of the pauent at those visits, as shown in
Tigure | [or the 12 padents with the longest tollow-up perica (aver-
age, 11.6 vears).

R=esurTs

Clinicai Evaiuation
All patients had PPMA, as previously defined,*”
with new muscie weakness and atrophy involving ei-
ther the muscles that had been previously affected and
had fully or nartly recovered or muscles that were
clinicaily unaifected by the original disease. In all pa-
tients, the new ess was asvmmertrical and was
often associated with increasing muscular atrophy.
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ciculations were noted in all patients, even in muscles
that did not appear to have become weaker.

At the reexaminations at the end of the follow-up
period (average, 8.2 years; range, 4.5 to 20), the mean
age of the patients was 50.5 years (range, 36 to 69); the
mean age at which their new symptoms began was
39.6 (range, 25 to 56); and the mean number of years
after acute polio when those symptoms began was 28.8
(range, 15 to 54).

All patients were weaker and had a much lower
level of function. The pace of worsening during the
period between the first and latest neurologic exami-
nation was very slow and varied from patient to pa-
tient and within individual patients. Some patients
had a stepwise progression of weakness, with subse-
quent relative stability, whereas others had a slow,
continuous decline in strength. Figure 1 depicts the
progression of weakness in the 12 patients who had
the longest mean follow-up times in the study (11.6
years; range, 6 to 20). In four of these patients (No. 5,
6, 8, and 9), the new muscle weakness had increased
but remained almost completely confined to the same
muscles that had appeared to be weaker during the
initial examination; in three others (No. 1, 2, and 12),
new weakness had appeared in additional muscle
groups. Three patients (No. 7, 10, and 11) who had a
mo-e severe residual disability in one or more groups
of muscles from the original disease had increased
weakness in all the other muscie groups, and aithough
the new decline in strength w+s mild within each mus-
cle group, the cumulative effect on the patients’ overall
neurormmuscular function was considerable, and they
had become severely disabled. In fact, all three
were using electric wheelchairs. whereas 10 vears
earlier, they had required only crutches. The remain-
ing two patients (No. 3 and 4), who were followed for
13 and 11 years, respectively, feit a very slight new
generalized weakness, which did not substantially
alter their life styles or interfere with their everyday
activities.

The mean rtotal estimated loss of neuromuscular
function for the 12 patients with the longest follow-up
was 11.8 points (range, 7.3 to 17.3); for the other 15
patients (mean follow-up, +.7 vears) the mean loss was
4.1 points (range, 2.2 10 6.3). However, the mean cai-
culated total vearly loss was identical in both groups
— lLe., 1.05 points of muscie strength (range, 0.7
0 2.3). Generally, the new weakness was so mild that
it often couid not de appreciated on a year-io-year
basis; the patients experienced It cver a longer period
(mean, 3 vears; range, ! w0 {0).

None of the 27 natients had ALS. which is defined

eneraiized muscle weak-
of upper motor-
atory difficulties.
poms. the sex of the
pauent, and the degres and tvpe of nhvsical activities
of each patient betore the cration of the new
weakness vers nct g
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Figure 1. Progression of Muscle Weakness in 12 Patients with Post-Poliomyelitis Muscular Atrophy, Expressed as Total Points of
Estimated Neuromuscular Function at Various Years of Age.
Numbers on the left refer to individual patients. Points of muscular function (100 points is the normal strength in all four limbs) are on the
ordinate. The continuous line represents the patients’ course after the attack of acute polio and their progressive partial recovery with
subs.equent long stabilization, as determined from information provided by the patient or early records. The interrupted line represents
the course of new muscie weakness from onset until the latest follow-up evaluation. Arrows with the vear in parentheses represent the
time of the acute poiio attarx (first arrow), the time of the first examination after the manifestation of new weakness : second arrow), and
supsequent examinations (third or fourth arrow). The sharp anguiations in many of the curves are due i the subjective data on
neuromuscular function provided by the patient. A decline in muscular strength that was either continuous or that occrirred in a stepwise

fashion took piace in all 12 patients between the first and last evaiuations (mean follow-up period, 11.8 vears)

sonable use of their unaffected muscies. No overexer-
tion or inactivity was reported.

Laboratory, Elecirumyography, and Muscie Biopsy Findings

The resuits of blood chemistry evaluations and
complete blooa counts were normal in ail the patients.
Four partients had levels of creatine kinase that were
up to three times the normal value. Electroneuro-
graphic studies during the initial and follow-up visits

revealed normai moto: and sensory conduction veloci-

ties and acdon-potential amplitudes. Repetitive-stim-
ulation studies of the ulnar nerve and (occasionaily}
of the axillar rierve in six patients showed no patho-
logical decrement at ¢ Hz and no pathological incre-
ment 2t 30 Hz. Electromyographic studies showed
widespread chronic denervation with large-ampiitude
volunrary mortor units ‘up ro 25 mV) ‘n aimost 2l
muscles studied. Chronic denervation was observed
even in muscies that were apparenty not invoived in
the original attack of polio. Fibriilation 2nd sositve
sharp waves were seen in sparse t0 moderate amounts
in many muscles, bur the presenca of

did not correlate in an obvious fashicn v
deterioration. Fasciculations were se
patients, but the discharge frequent
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{less than one per minute}. The sin
myographic studies carried out in six 2a

their follow-up visits showed an increas
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jitter analysis impossible). Increased jitter and block-
ing were seen in most muscles, and tne amount of
jitter and blocking appeared t.: correlate with the de-
gree of recent deterioration. Neurogenic jitter was not
observed.

Muscle biopsy studies of reviousty recovered and
newly affected muscles (performed twice in eight pa-
tents. during the inital and follow-up visits) con-
firmed the presence Jf reinnervaton. which was indi-
cated by the formation of large groups that contained
both type I and type II fibers.!® In addition, all the
biopsy specimens showed s:veral isolated. atrophic,
angulared fibers compressed ‘1. the interstices berween
large fibers (Fig. 2). These small fibers, which stained
darkly with an enzymanc rzaction, are characteristic
of new active denervation.'? The fibers remained iso-
‘ated and scattered randemly throughout the Silow-
up period. No clusters of atrophic fibers /group atro-
pny) were observed, even in the muscles subjected
0 two Gcinpsy evaluations. This is in contrast o th
dndings in the weakening muscies of patents with
ALS, in which the atrophic fibers alway: form zroups
'group atrophy), and the number of atrophic dbers
in the groups increases rapidly undl the whole ‘ascicie
's atrophied, thereby retflecting the death of whole
aeurons. ‘2

In 12 of 27 biopsy specimens (inciuding these
rom muscies that had two assessments), cccasional
smail cerimvsial or perivascular ivmon 3]

occvmic nni-

Tales were opserved, as in eariler studles. ™ .n cwo



Figure 2. Transverse Frozen Section of a Muscle Biopsy Speci-
men from Patient No. 2.

Note the scattered small, anquiated fibers with the dark stain

(arrowheads). There are no groups of atrophic fibers (indicative of

loss of the whole motor unit). The same type of change, but in a

milder degree, was noted in the same muscle of the same patient

during a biopsy examination 12 years eariier, wnen the muscie

was slightly stronger. Staining was with a nonspecific esterase
histochemicai reaction (x125).

patients (No. 5 and "),7 the degree of lymphocytic
response was more prominent, prompting a therapeu-
tic trial with 100 mg of prednisone; however, tiie
therapy was unsuccessful.

Spinai Fluid Studies

In confirmation of the earlier findings in a smaller
series of patients with PPMA,*° 7 of the 13 patients in
our study whose cerebrospinal fluid was examined
had two to four oligoclonal bands in that fluid. An
immunofixation assay showed that the bands were
IgG. The total IgG, the IgG index, and the IgG syn-
thesis'® in the cerebrospinal fluid were normal. No
bands were found in the serum. The calculated ratios
of cerebrospinal fluid to serum antibody titers to po-
liomyelitis and measles virus (for control) were nor-
mal,'? indicating that there was no in situ antibody
preduction to poliovirus.

DiscussioNn

A reevaluation of 27 :Jatiems with PPMA after a
mean follow-up period of 3.2 years from the time they
were first seen at the n\'auonai Institutes of Health
showed that their muscuiar weakness had progressed.
However, the cegree of decline of their neuromuscuiar
function was siow, predominantiy focal, and minimal
{about 1 point of the total 100 points of muscie
strength per vear), and it was not life-thre 7
_’rcqressmn varled from patient o patiert aad iv'itbh
individual patdents. who otten had long periods of sub-
jec "1.., stapility. New weakness was not objectiveiy an-
preciable on a year-to-year basis. The overall progres-
sion, “"f'do"crh minimal, had a :ubstantiai atfect on
neuromuscular tunction in patents in whom poiic had
caused severe disability and limited muscie reserves
— Le., natients who at hest were ‘.mct:onam iU 0T

betow 3 nercent "I their total strength. Contrars o
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occurs more frequently in persons who have had po-
lio,>'® none of the 27 patients in our study, who were
followcd for a mean of 8.2 years (range, 4.5 to 20) from
the time they were originally examined and up to 12.2
years (range, 6 to 29) from the onset of their new
weakness, were found to have ALS, as indicated by
generalized muscle weakness and wasting and respira-
tory, bulbar, or upper-motor-neuron signs. Similarly,
none of a recent group of 11 persons who had recov-
ered from polio and who had been referred to the Na-
tional Institutes of Health because of new weakness
had ALS (Dalakas MC: unpublished data).
Although PPMA appears to be a disorder of the
motor neuron, its pathophysiologic aspects differ in a
number of ways from those of ALS, the archetypal
disorder of motor neurons. Clinically, PPMA is pre-
dominantly focal and always progresses slowly, with-
out producmg upper-motor-neuron signs or involve-
ment of bulbar muscles. In biopsy specimens of newly
weakened muscles of patients with PPMA, the dener-
vation is characterized by a few single scattered, angu-
lated fibers (Fig. 2) and by fiber-type grouping, rather
than by the atrophic muscle fibers that form in groups
(group atrophy) because of the death of the whole
motor neuron that are typically seen in the weakened
muscles of patients with ALS.!2 This observation on
the type of denervation was reinforced by follow-up
muscle biopsics in eight of our patients, which indicat-
ed that even though the patients had a mild but pro-
gressive weakness for a mean of 11.6 vears, the weak
muscles did not show group atrophy. ALS is caused by
the death of anterior horn cells. In contrast, it would
be reasonable to assume that PPMA is caused by the
death of individual nerve terminals in the motor units
that remain after polio, rather than the death of the
whole unit. This would explain most of the clinical,
physiologic, and histochemical features of the syn-
drome. As e2ch terminal dies, the weakness progresses
:iowiv Regeneration proceeds muscle fiber by muscle
fber, and there is no opportunity to form new groups
¢ fibers. This theorv is >unoorted by the presence of
sing e scattered, angulated fibers in the muscle biopsy
specunens (without group atrophy) (Fig. 2) and
the wiservaton by means of single-fiber electromyog-
rapnv that there is no “ueurogemc jitter.” In singie-
Gber eiect omvographv, increased jitter can be due to
‘nstabiiity ar the neuromuscuiar junction or at the
orancn points of axons. Newly regenerated axons may
show '.nsmrm-:; at the points of the axon Jrancaes
during active reinnervation. Neurcgenic jitter, which
o)Y ‘grf:ups of action potentials that
fitter together, can be seen in patients with ALS. Its
ence i cur pauents with PPMA supports the ob-
chere is a lack of reinnervation of
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large motor units that may stress the cell body. After
a number of years, these hyperfunctioning motor
neurons (with their excessive sprouting) may not be

- able to maintain the metabolic demands of all their
sprouts, and a slow deterioration of the individ-
ual terminals may result, as previously speculated.'®
Some individual fibers may be able to be reinnervated
a second time, but eventually enough nerve terminals
are destroyed and enough reserves are diminished for
weakness to appear. This would be consistent with the
focal nature of PPMA and its very slow, stepwise,
unpredictable progression. Normal aging alone can-
not be responsible for this process, since neuronal loss
does not occur in persons younger than 60,'° and mus-
cle biopsy specimens from normal persons who are
younger than 70 rarely show small scattered, angulat-
ed fibers® (and Dalakas MC, Cutler NA: unpublished
data). For these reasons, our study included only pa-
tients who were younger than 60 at the time of their
first symptoms of PPMA (mean age, 39.6 vears;
range, 25 to 56). Furthermore, with the Medical
Research Council scale we employed,!! the muscle
strength was standardized so that the grades of weak-
ness did not change with normal aging.!! At this time,
the frequency and the possible risk factors of PPMA
among polio survivors are unknov/ 1.

The roles of virologic or immunoclogic mechanisms
in the development of PPMA are unclear. The lym-
phocytic response in the biopsy specimens (a response
that had previously been observed*’) and the pres-
ence of oligoclonal bands in the cerebrospinal fluid
may suggest immunopathologic mechanisms. Treat-
ment with prednisone in two patients (No. 5 and 7)
and with interferon in dnothier (No. 9)2! failed to im-
prove muscle strength or change the progression of
muscular weakness. Althcugh poliovirus can cause
persistent infeciion in amimals?? and in neural tis-
sues,* searches for poliovirus antibodies in the cere-
brospinal fluid wirh a neutralizing piaque assay and
enzyme-linked immuncsorben: assays (Dalakas MC,
Albrecht P: unpu:blisher. observations) have vielded
negative results, indicatir:;- that possibie reactivation
of the poliovirus in patieits with PPMA cannot be
substantiated with thes m=thods used. The nature of

the IgG oligocionai f.aads in the cerebrospinai fuid is
not clea
body response — nerheps directed against viral or
neuronal proreins — should be studied further. It is
especiaily interesting, however, rhat no oligocionai

. The possitiiicy that thev represent an anti-

bands were found in the cerebrospinal fluid of six
asymptomatic persons who were examined 3 to 20
years after an initial attack of polio (Dalakas MC, et
al.: unpublished data).
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