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ABSTRACT. Twenty subjects with polio sequelae were
studied on two occasions 4-5 years apart by means of
dynamometer measurements of knee-extension and
flexion strength and muscle biopsy for histochemical
and enzymatic analyses. The subjects were divided into
those who reported (unstable, n= 12) and did not report
(stable, n = 8) new or increased muscle weakness in the
tested leg between the two examinations. Muscle
strength decreased significantly in the unstable sub-
jects, but only for knee-flexion in the stable subjects.
However, the endurance test comprising 50 consecutive
knee-extensions at 180°/sec showed increased fatiga-
bility at the second examination only in the stable
subjects. Most subjects had markedly increased
muscle fiber areas, which in some subjects increased
further, but in those already with very extreme hyper-
trophy the fiber size decreased. Capillarization and
activity of citrate-synthase were decreased at the
initial examination, but no significant further reduc-
tion was observed at the second examination. The
results demonstrate individual patterns in the compen-
satory process for the presumed loss of motor units.

Key words: post-polio syndrome, muscle strength, muscle
morphology, capillarization, muscle enzymes, adaptive
processes.

Subjects with poliomyelitis sequelae (late polio) are
characterized by structural and functional muscular
changes. which are main factors in the development of
new symptoms such as joint pain, muscle weakness.
and fatigue, defined as the post-polio syndrome (15).

In the literature, however, there are only few long-
term data on the post-polio syndrome. Dalakas et al.
(8) reported a follow-up in 27 patients after an
average of 8.2 years, with biopsy data in 8 of the
patients and without any systematic comparison of
the repeated biopsies. They summarized their findings
as presence of reinnervation of both type I and II

fibers. new active denervation, indicated by isolated
atrophic angular fibers, but no group atrophy. The
rate of decline in muscle strength was 1% per year,
but that estimate was based on ““points’ from manual
muscle testing and not on a linear scale using quanti-
tative measurements. Agre et al. (2) recently reported
that symptomatic post-polio subjects do not lose
neuromuscular function to any significant extent in
one year. Munin and coworkers (21) found no change
in strength in 7 patients with late polio followed for 3
vears. Munsat et al. (22) reported that the muscle
strength of 6 post-polio patients with complaints of
progressive loss of neuromuscular function varied
greatly as shown by dynamometer measurements
during a period of 400-2,100 days, but without a
systemic change with time.

We have previously reported functional compensa-
tion in patients with late polio showing a combination
of very large motor units (10) and muscle fiber
hypertrophy (12). In the present study, we were able
to demonstrate different individual patterns in muscle
strength and morphological changes over a 4—5-year
period and further elucidate the extreme muscle fiber
hypertrophy previously described. As preliminarily
reported (12) there was also evidence of on-going
denervation/reinnervation, resulting in still larger
motor-units in most polio subjects.

MATERIAL AND METHODS
Study group

Of the original groups of 39 subjects with poliomyelitis
sequelae studied previously (11,12), 20 subjects (10 men
and 10 women) could be re-examined with muscle biopsies
4-5 years later. Of the remaining subjects, one had died, one
had developed a non-polio-related serious disease, one had
moved and 9 did not agree to a new biopsy. The biopsy did
not provide adequate material for histochemical analysisin 7
of the subjects, especially in some subjects with severe
atrophic muscles.
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The subjects had had acute polio 29-56 years earlier and
were now 43-70 (mean 54) vears of age. At the previous
examination, 12 of the subjects had already experienced new
symptoms that fulfilled the criteria of the post-polio syn-
drome (PPS) (15). At the second examination, another 3
subjects fulfilled these criteria, leaving 5 subjects with stable
polio and no new symptoms. In the present analysis, subjects
were, however, divided into those with perceived new or
increased muscle weakness in the tested leg between the
examinations (unstable, 12 subjects) and those without
such new symptoms (stable, 8 subjects). The occurrence of
other new symptoms, as increased fatigue, muscle or joint
pain and difficulties in ambulation was also more common in
the unstable group (Table I). Body weight did not change in
any of the two groups during the observation period. There
was no significant difference in present age or age at onset
between the two groups. Ten of the patients had participated
in a resistance training study 4-4 1/2 years earlier (9), and
data before training are used for comparison which minimize
decrements in strength over the observation period. Six of the
patients had participated in a group-training program with
endurance as well as strength training components
4 vears earlier (11), but with no change in thigh muscle
strength with training. Also their data before training were
used for comparison. The leisure time physical activity
pattern was for most subjects in general unchanged during
the observation period and could be characterized as rather
light (Table I).

Informed consent was given by all subjects. The procedure
was approved by the Ethics Committee of the Faculty of
Medicine at the University of Goteborg.

Muscle strength

Knee-extensor and flexor strength for isometric concen-
traction at a knee-angle of 60" and for isokinetic concentric
contractions at angular velocities of 60 and 180" /sec were
measured using a Kin-Com dynamometer (Chattecx Co.,
Chattanooga. TN). Endurance was measured as the reduc-
tion in peak torque as well as the torque at 45° knee angle,
between the first and the last three extensions in a series of
50 concentric maximal voluntary contractions with an angle
of velocity of 180°/sec (23). Only measurements from the
weaker side, provided that it was possible to perform a full
knee-extension against gravity, are presented in the present
paper. Warming-up submaximal exercise was performed on
a bicycle ergometer for 6 minutes prior to the muscle tests.
The knee-extensor torque values were recorded with a
computerized system using compensation for the weight of
the lower leg and the lever arm. Three curves were recorded,
and the highest peak torque values are reported. At the first
measurements in one of our subgroups (12) a modified Cybex
11 dynamometer with an identical type of gravity compensa-
tion had been used. The subjects were positioned in the same
way and were attached to the lever arm in a similar manner.
No significant difference in peak torque values was found
between the two dynamometers in 23 healthy subjects aged
21-84 vyears in our laboratory.

There was no significant difference between duplicate sets
of Kin-Com dynamometer measurements about 3 months
apart in 30 post-polio (r = 0.91-0.94), the average difference
being 3.9 (0.5-8.4)% (authors’ unpublished observations).
There was no systematic difference in duplicate deter-
minations of the peak torque reduction at the fatigue test
(r=10.69) and an average different in torque reduction
between the two test of 1.8% )
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Table 1. Characteristics at the second examination of
all polio subjects and divided into those acknowledging
{unstable) and not acknowledging (stable) new or
increased leg muscle weakness

Mean values and standard deviation are given.

All Unstable

Stable
n 20 12 8
Age, years 54(9) 57(9) 51(7)
Age at onset 12 (10) 13(11) 10 (8)
of polio, years
Body weight, kg 68 (11) 68 (14) 68 (6)
Number of subjects with
increased fatigue 12 9 3
muscle or joint pain 12 8 4
increased walking
difficulties 8 8 0
increased stair-climbing
difficulties 7 7 0
Leisure time physical
activity', number of subjects:
grade | 2 1 1
grade 2 5 4 1
grade 3 8 4 4
grade 4 5 3 2

!Grade 1 is hardly no activity. 2 is only very light activity, 3 is
light activity 2—4 hours/week, 4 is moderate activity 1-2
hours/week or light activity > 4 hours/week (14).

Musele biopsy

Muscle biopsies were taken with alligator forceps (16), under
local anesthesia. from the same muscle as in the former
examination (11,12) and close to the same site, i.e. from the
middle portion of the vastus laterialis (half-way between the
upper border of the patella and the anterior iliac spine). The
same leg was used as for the strength measurements. The
muscle specimens were divided into two parts: one part was
frozen immediately in liquid nitrogen and used for analysis of
enzymatic activities, the other part was trimmed. mounted,
and frozen in cooled isopentane (—160°C) and used for
histochemical and histopathological analysis. Both parts
were stored at —80°C until analyzed.

Serial transverse sections (10 um) for histochemical analy-
sis were cut with a cryotom at —21°C. The myofibrillar
adenosine-triphosphatase (ATPase) method was used for
muscle fiber classification as described in the previous
report (12). The reactions were carried out at pH 9.4
following alkaline preincubation (pH 10.3) to classify fibers
into type [ and type II. The type II fibers were subclassified
into [T A, I B and 11 C fibers using preincubation at pH 4.62
and 4.35. The average numbers of fibers counted in each
subject was 415 + 53 fibers.

The fiber areas were measured on photos of NADH
tetrazolium reductase-stained transverse sections. For this
purpose, a digitizer table connected to a microcomputer with
a specially developed program was used. There was no
significant difference at repeated measurements (= 22) by
two observers (r=0.94) with an average difference of
34+09%. The results from the observer who made
measurements in all specimens are presented. To allow



comparison, the fiber areas from the biopsies from the first
examination were recalculated using the same equipment.
Measurements from oblique sections were avoided and some
biopsies were,’ thus. not used for measurements (see Study
group). On average, fiber areas were measured for 463 = 57
and 252 + 46 fibers at the two examinations, respectively.

For the histopathological evaluation, hematoxyline-eosine
and modified Gomori-trichrome stainings were also used, as
well as periodic acid Schiff (PAS) reaction for glycogen. The
criterion for atrophic fibers was a lesser diameter of < 20pm.
Large grouping was defined as more than 16 fibers of the
same type grouped together, The occurrence of internal
auclei in more than 10% of the fibers in the whole cross-
section was reported. Amylase-periodic acid-Shifl (PAS)
staining was used to visualize capillaries (1) as in the
previous report (12). and the number of capillaries per fiber
and the fiber area per capillary were calculated for the
different fiber types.

Enzymatic analyses were made in 10 subjects of 3-hydroxy-
CoA-dehydrogenase (HAD), citrate synthase (CS), triose-
phosphate dehydrogenase (TPHD). lactate dehydrogenase
(LDH) and myokinase (MK), as described earlier (12), by
means of fluorimeter technique using a Farrand ratio-fluori-
meter-2 (Farrand Optical Co.. Valhalla, NY). The reactions
catalyzed by the enzymes under investigation were coupled to
NAD, NADP-linked reactions (20). The assays were per-
formed at 24°C. The protein content was determined in order
to express the activities per gram of protein. The methodo-
logical errors, as presented in the previous paper (12). for the
determination of enzyme activities were TPDH 5.8%., LDH
529, MK 3.8% and CS 3.8%.

Statistics

Wilcoxon’s non-parametric test was used for paired observa-
tions. Mean and standard error of the mean were calculated
using conventional formulas.
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Fig. 1. Peak torque values at isokinetic concentric knee-
extension with an angular velocity of 60°/sec at the Ist and
ond examinations 4-5 years apart. Subject with new or
increased muscle weakness (unstable) and those with no
new weakness (stable) are shown separately.

RESULTS

As seen in Fig. 1, the individual variation in peak
torque values was large. The values for knee-extension
were below around half the expected values in this age
range (6,12) in 11 of the subjects. The average values
for isokinetic knee-extension at 60 and 1807 /sec were
55 (SD 29) and 58 (SD 29)% of predicted normal
values (12,19) at the first examination, and 49 (SD 27)
and 53 (SD 27)% at the second examination.
For isometric knee-extension at 60° knee-angle, the
corresponding values were 54 (SD 28) and 47 (SD

Table 1. Muscle strength expressed as peak torque (Nm) in 20 polio subjects before ( Ist exan. ) and after (2nd

exam.) a 4-5 year follow-up period

The subjects are divided in those with perceived new or increased weakness in the studied leg (unstable) and those without new

symptoms (stable).

Mean values and standard error of the mean are given. Significance levels for differences for paired observations are presented.

Unstable (n = 12)

Ist exam.
— 0 0 =
Knec-extension
Jsometr. 60° knee angle 103 £18
Jsokinetic conc.
60°/s 94+ 19
120°/s 75+ 14
Knes-flexion
Jsometr. 60° knee angle 54+ 7
Isokinetic conc.
60 /s 55+8
120 °/s 42+6

2R
Sigmificant differences between the two examinations are indicated. *p < 0.05. ®p < 0.01.

Stable (n = 8)

2nd exam. Ist exam. 2nd exam.
83 + 15" 127 £ 21 11722
75 £ 13 100 £ 19 97 £20
59 + 12% TMx15 68 = 14
35+£6% 52+9 43+ 8
34+ 6™ 50 £ 10 4248
28 + 4% 40+8 N+
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Fig. 2. Reduction in peak torque at 50 repeated maximal
voluntary knee-extensions with an angle of velocity of 1807/
sec. Stable and unstable subjects are shown separately, as in
Fig. 1. Mean values £SD in a female control group (40-48
years, # = 13), (19) are indicated.

27)%, respectively. Peak torque decreased signifi-
cantly (p < 0.001) for isokinetic knee-extension and
knee-flexion at 60 (11 and 29%) and 180°/sec (12 and
28%). Isometric knee-extension and knee-flexion at a
knee angle of 60" showed a significant decrease (15%,
p < 0.01 and 28%, p < 0.001, respectively).

When the subjects were separated into those with
and without new or increased muscle weakness
(unstable n = 12 and stable n = 8), significant reduc-
tions were only seen for knee-flexion in the stable, but
for all measurements in the unstable subjects (Table
IT). There was no significant difference between the
two groups for the initial values. Men and women are
presented together, as only paired observations are
included. The percentage reduction between the two
measurements was also significantly larger for the
unstable (22%) than for the stable (0%) subjects for
isokinetic knee-extension at 180°/sec (p < 0.05) and
for isokinetic knee-flexion at 60°/sec (38 and 17%
respectively) (p < 0.01).

The reduction in peak torque as well as in torque at
45" knee angle (Fig. 2) in the endurance test was
significantly (p < 0.01) larger at the second than at
the first examination, indicating more fatigable mus-
cles at the second examination. However, the reduc-
tion appeared only to be significant (12% larger
reduction in torque at the second examination) in
the stable subjects (with maintained strength)
(p <0.05) and not in the unstable subjects (4%
larger reduction at the second examination).

As in the previous studies in the same subjects
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Fig. 3. Average mean fiber areas at the Ist and 2nd examina-
ii?n. ]Slable and unstable subjects are shown separately, as in

g L
(11,12), the distribution of the different fiber types
showed large individual variation but, still with the
exception of a few subjects, rather similar occurrence
of type I and II fibers at the two examinations, the
average percentage of type I fibers being 40.9 + 7.3%
and 36.7 + 6.3%, respectively, on the two occasions.
The distribution within type II fibers did not differ,
and only a few intermediate (type I1IC) fibers were
recorded (around 1-2%). Most subjects showed large
type grouping in one or both main fiber types, which
naturally limits the possibility of obtaining a true
estimate of the fiber distribution in a sample of the
present size. It was also noted that there were some-
times difficulties in discrimination, especially between
type 1A and I1B fibers.

Most polio subjects had large muscle fibers (Table
III) with average values above those in a male (12) as
well as female (40-48 years, n = 13, unpublished
results) control group, in which the mean fiber areas
were 4.4 4+ 0.4 and 4.1 + 0.4 um* x 107, respectively.
The average area both of type 1 and type II fibers
decreased in most subjects, but the type I fiber area
increased to very high values in 3 subjects, while the
type II fiber area increased further in 4 subjects. The
average values for the whole group, however, did not
differ significantly between the two examinations,
either for the different subgroups, or for the mean
fiber areas (Table I11, Fig. 3). The fiber area values or
change in areas did not differ significantly between the
unstable and the stable subjects. As in the previous
studies (11,12), the variation coefficients for the fiber
areas were large, but did not differ between the two
examinations. The data are not included in this report,
but histograms for the fiber areas are shown for 4




Muscle morphology and strength in late polio 125
PATIENT 5 (STABLE} PATIENT 1011 (UNSTABLE)
0 ) 01 TYPE I
i TYPER % TIPED %
0
® 201
s
101 AL
1[]
T T T v o T T T T o = o
L] 2 4 § & 10 12 14 16 148 L] 2 4 6 # 10 12 14 18 18 o L] [ ] 12 L] L) 1 ] 12
= E ] ALL
=3 ALL &
TYPE | TYPE |
=7 o IStEXAM.  67% 2 5 ISIEXAM.  45%
= Ind EXAM. 38% = 2nd EXAM. 53%
- AL
(a) o (b)
-l 2 4 1] 4 10 12 14 186 18 0 4 ] 12
FIBER AREA FIBER AREA
PATIENT 16 (UNSTABLE)
PATIENT 1018 (UNSTABLE)
a TYPE | 12 TYPE I
- Ll 0 Fod
1 .‘ o D TYPEN
It 30
- [ 3
0 10
4
2 10
® 8 12 18 20 24 28 o a 12 Ir‘ 2.0 ;‘—:..— °n ‘. ; 12 18 20 24 3'. "6 4 8 12 18 20 :'a 28
k]
S ALL - ALL
TYPEI TYPE
o st EXAM.  58% B 1stEXAM,  22%
* Ind EXAM. 40% = Ind EXAM, 10%
" 10
(d)

12 18 20 24 23
FIBER AREA

(c)

L]

4

@ 12 16 20 24 28
FIBER AREA

Fig 4. Histograms of the distribution of areas (um” x 10° ) of individual muscle fibers at two examinations 45 years apart in 4

polio subjects. one stable (A. no. 5. median fiber area 6.0 and 7.1 ym? x 107,

respectively with 25-

75 quartile ranges 4.7-6.8

and 5.1-12.0) and 3 unstable (B, no. 1011, C, 16 and D, 1018 with median fiber areas 6.5 and 5.4 (25-75% quartllq ranges
5.1-7.8 and 4.4-6.7), 12.9 and 6.9 (ranges 8.9-16.2 and 2.9-12.6), 9.0 and 6.2 (ranges 4.3-14.9 and 4.2-8.4) um~ x 10°%,
respectively).

subjects (Fig. 4), where different patterns of changes
are seen, as well as a large variation of fiber sizes. Even
in subjects with a high number of very large fibers
small atrophic fibers occurred. The stable subject (no.

patients presented, no.

5. Fig. 4A) showed a further increase in the size of type
I fibers. but not in type II fibers. In the 3 unstable
1011 (Fig. 4B) showed a
decrease in fiber areas, especially for type II fibers,
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Fig. 5. Mean fiber area and isokinetic strength at an angular velocity of 60°/sec at the 1st and 2nd examinations. The changes
are indicated by arrows. Stable and unstable subjects are shown separately. The subjects are divided into four panels as

described in the text.

no. 16 (Fig. 4C) a reduction in areas for both fiber
types, and no. 1018 (Fig. 4D) demonstrated a marked
change in distribution in fiber areas between the first
and the second examination, with loss, or reduction in
size, of the previously very large type I and type II
fibers.

Combining data from strength and fiber area
measurements (Fig. 5) and dividing the subjects into

four panels according to pattern of fiber area changes
allows analysis on an individual basis, which is more
appropriate than the statistical analysis of these
changes in the group as a whole.

A. An increase in mean fiber area from rather large
to very large values (10-13 um* x 10%) was seen in
seven subjects (Fig. SA). Patient no. 5 in Fig. 4A is one
of the stable subjects. Four of these subjects reported

Table II1. Areas ( ,u.m2 X 103) Sfor type I and II fibers and mean fiber area in 20 polio subjects before { Ist exam.) and

after (2nd exam.) a 4-5 year period
The subjects are divided into unstable and stable subjects (see Material and Table 1).
Mean values, + standard error of the mean, median values and 25-75% quartile ranges are given.

Unstable Stable

Area n Ist exam. 2nd exam. n 1st. exam. 2nd exam.
Type 1 11 9.16 +1.52 7.25+1.35 4 5.21 £ 0.66 6.38 +2.03

8.04 (5.03-13.72) 5.43 (3.28-11.95) 5.73 (4.35-6.08) 5.60 (3.40-9.37)
Type I1 A 9 9.28 £ 1.62 7.54 + 1.88 4 7.3240.92 7154219

8.60 (5.93-12.02) 5.13 (3.16-11.65) 6.62 (6.12-8.51) 6.02 (4.31-9.98)
Type Il B 9 6.48 +£1.97 7.50 + 1.61 6 6.41 + 0.69 784+ 1.65

5.02 (2.73-6.60) 7.00 (4.34-9.68) 6.85 (5.65-7.73) 7.80 (4.08-10.53)
Mean 12 8.58 +1.35 7.73+1.18 8 7.86 + 1.39 8.71+1.42
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7.33 (4.88-11.49)

7.31 (4.56-10.69)

6.71 (5.86-9.14)

9.33 (5.19-12.16)
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Table IV. Capillary supply in 16 polio subjects ( 10 men, 6 women ) before ( 1st exam.) and after (2nd exam.) a 4-5

sear follow-up period

Mean values and standard errors of the mean are given. Values from a male reference group (42-51 years, n = 10) (12) and
“rom a female control group (40-48 years, n = 10, unpublished observations) are given for comparison.

Male reference Female reference

Ist exam. 2nd exam. group group
No of capillaries per mm?* 233+17 267 £26 316+ 31 25815
No of capillaries per fiber 2.00£025 193 +0.19 1.36 £ 0.12 1.13 £0.09
Fiber area in relation to cap.
around each fiber (um* x 10%)
Typel 148 £0.16 1.20 £0.11 1.18 £0.10 1.36 £0.10
Type II 1.88 £0.18 1.58 £0.17 1.46 £0.19 1.41 £0.11
Average 1.73+0.15 1.57+0.14 1.31+£0.15 1.39 £ 0.10

increased muscle weakness, but muscle strength did
not decrease or was only moderately reduced from the
first to the second examination. Despite no perceived
muscle weakness, one subject showed a reduction in
strength but from values within the normal range, and
had evidence of compensatory fiber hypertrophy.

B. Five subjects with the largest reduction in fiber
area (type I and/or II) from the first to the second
examination had very high values at the first exam-
ination, mean values being above 10 um” x 107 in all
cases (Fig. 5B). Patients nos. 16 (Fig. 4C) and 1018
(Fig. 4D) are 2 of those subjects. Four of these 5
subjects also had lower strength values at the second
examination, but one of them was characterized
as stable, since no further muscle weakness was
perceived.

C. Four subjects with moderate or no fiber hyper-
trophy showed a reduction in the mean fiber area; in
the 3 unstable subjects this was accompanied by quite
a marked reduction in muscle strength, indicating the
lack of a compensatory process (Fig. 5C). Subject
no. 1011 in Fig. 4B is one these subjects.

D. Unchanged muscle strength and fiber areas were
seen in 4 subjects in Fig. 5D. Three of them had low
muscle strength, indicating that unchanged muscular
function can also be found in subjects with a rather
marked loss of neuromuscular function. The subject
with the highest torque values and fiber areas within
the normal range (12) also showed stable values and
was, thus, only slightly affected by polio.

The capillary density (Table IV), the number of
capillaries per fiber and capillarization expressed in
relation to fiber areas did not change significantly
between the first and second examination. There was

no difference in change between the stable and
unstable subjects. At the first examination the
number of capillaries per fiber was larger in the
polio subjects than in controls, in accordance with
larger fiber areas, but not proportionately to the
fiber area. Thus, compared with the control groups
(men ref. [12], women unpublished results, see
Table IV) the average fiber area in relation to the
number of capillaries around the fibers was signifi-
cantly (p < 0.05) larger in the polio subjects at the
first, but not shown at the second examination,
indicating less favorable diffusion distances at the
first examination.

The histopathological evaluation (Table V) showed
essentially the same findings at the second as at the
first examination. Large grouping (> 16 fibers) was

Table V. Histopathological findings in 18 polio subjects
before (Ist exam.) and after (2nd exam.) a 4—5-year
Sollow-up period

Number of subjects

Ist exam. 2nd exam.

Small round fibers 18 15
Small angular fibers 3 2
Fiber atrophy (> 10 fibers)

Type 1 11 9

Type 11 16 15
Large grouping (> 16 fibers)

in both type I and II fibers 7 8

only in type [ 4 2

only in type II 4 7
Internal nuclei (> 10% of

the fibers) 6 7
Splitting 7 8
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Table VI. Muscle enzymatic activity in 10 polio subjects
(4 men, 6 female) before (1st exam.) and after (2nd
exam.) a 4-3 year follow-up period

For abbreviations see Methods.

Values are expressed in gmol/min x g protein. Mean values
and standard errors of the mean are given. Reference value
from a female control group (age 25-48 years, n=09,
unpublished observations) are given for comparison.

Lst exam. 2nd exam. Female reference group
HAD  265+33 280115 335x1.2
Cs 23.1+£32 218+19 357+26
TPDH 1301 £182 1236109 1111 +47
LDH 857152 834+ 111 761 £67
MK 865 £ 132 878 £74  BO0+ 53
Protein 178 £5.5 169 +47 182+3.1

seen in all except 3 subjects at both examinations, and
in 7 and 8 subjects, respectively, for both type I and II
fibers. All subjects at the first examination and all but
3 at the second examination had single atrophic fibers,
usually round, and in groups of more than three fibers
in 9 subjects on both occasions. Internal nuclei were
seen in more than 10% of the fibers in 6 subjects at the
first examination and in the same plus an additional
subject at the second examination. Splitting was also
seen in about half of the subjects , and usually only in
a few fibers in each biopsy.

There was no significant change in the enzymatic
activity (Table VI) between the first and the second
examination. As the total number of analyzed subjects
was only 10, it was not statistically meaningful to
analyze stable and unstable subjects separately. In
relation to a female control group (unpublished
results, see Table VI) the post-polio subjects had, on
average, significantly lower values for citrate synthase
(CS). The 4 polio subjects with the highest values, 3 of
them unstable, reduced their values from the first to
the second examination, as seen in Fig. 6. For the
other enzymes studied, no similar tendency toward a
fall was seen, and the polio subjects had enzymatic
activities in the region of the control values.

DISCUSSION

The present results combined with previously pub-
lished reports (10,12) demonstrate individually differ-
ent patterns in the development of functional
compensation and deterioration in the post-polio
state. The average values -for muscle strength
decreased more than expected from the age-related
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Fig. 6. Citrate synthase activity at the first and second
examination. Stable and unstable subjects are shown sepa-
rately. Mean values &1 SD in a female control group from
our laboratory (40-48 years, n = 10, unpublished obser-
vations) are indicated.

changes. The expected decline in isokinetic muscle
strength over this period can from available Swedish
cross-sectional data (6,18) be estimated to be 2-5%,
whereas the decrease in the unstable post-polio sub-
jects was on average 16%and 22%, respectively, for
knee-extension at 60 and 1807/sec and 18% for
isometric knee-extension, but only 4, 0 and 10% in
the stable subjects. Thus, overall, unstable subjects
reporting new or increased muscle weakness during
the 4-5 years showed a more marked reduction of
muscle strength as measured by dynamometer. Our
findings also emphasize the validity of the perception
of increased muscle weakness by the post-polio sub-
ject and of using that information in further analyses
even if in individual cases new muscle weakness was
not perceived in spite of a recorded reduction at
dynamometer measurements. It is also to note that
our subjects were weight stable: a weight increase may
otherwise have increased the perception of muscle
weakness. Reduction in dynamometer-measured
muscle strength during the observation period was
observed in subjects with rather well preserved as well
as in those with weaker muscles, and there was no
significant difference in the initial strength values
between the unstable and stable groups. A good
reliability of repeated dynamometer measurements
of knee-extensor and flexor strength within a short
time interval in post-polio subjects is reposted in the
present study as well as in a recent study by Kilfoil and
St. Pierre (17).

The compensatory processes

show wvariable




patterns, as demonstrated in the present study, and
epend both on muscle fiber hypertrophy and rein-
mervation. by collateral sprouting. In a subsequent
(preliminarily reported in ref. [13]) it will be
@emonstrated that most subjects, unstable as well
2 stable, show signs of an ongoing reinnervation/
denervation with an increase in number of muscle
bers within the motor units. However, there is also
evidence of quite a large reduction in the
sumber of motor units during the observation
period. Why certain subjects can still use compensa-
‘Jtly processes fully and others cannot is still unclear,
“But there may be some upper limits for muscle fiber
Bypertrophy as well as reinnervation. The upper limit
for hypertrophy may well be reached before that of
reinnervation.

The hypertrophic fibers have been interpreted to be
the result of extreme use of remaining motor units in
weight-bearing activities (12), which is also evident in
the anterior tibialis muscle in still mobile subjects with
motor unit overuse (4). In the present study the
subjects being reexamined after 4-5 years, those
with the largest muscle fibers in the vastus lateralis
muscle showed a reduction in muscle fibre area,
although those areas remained far beyond the
normal range in several cases. The question then
arises whether they had reached an optimal size for
maintained fiber hypertrophy, a suggestion already
made on the basis of a high-resistance training study
in post-polio subjects, in which the 2 subjects with the
highest fiber areas showed a reduction (9). It might be
that muscle fibers which hypertrophy, when exposed
to a high degree of resistance, either split or start to
hypotrophy after reaching a certain size. However,
splitting was only seen in a few fibers in half of the
subjects. There may also in a few subjects have been
major changes in the physical activity pattern with
reduced resistance load, which caused the decrease in
fiber size exemplified below. Reduction in fiber size
could be seen as well as type I as in type II fibers.
Other subjects, on the other hand, showed an increase
in fiber size during the follow-up period. This finding
can be interpreted as on-going compensation,
although no functionally complete, for the con-
tinuous loss of muscle fibers, which is assumed from
electrophysiological and histopathological data
(10,13). The on-going process of denervation and
reinnervation in the muscles affected by polio is
indicated by increased jitter, blocking, high fiber
density and further increase in the large macro
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motor unit potentials (13), which already initially
were 7.5 times larger than in the reference population
(10). It might then have been assumed that an
increasing frequency of atrophic muscle fibers would
be noted in the biopsies. This was not the case, the
main explanation being the relatively slow process
and the fact that some atrophic fibers had already
been recorded in the previous examination. It should
be pointed out that a large variation in fiber size was
noted both at the first and at the second examination,
as illustrated in the case reports with large recorded
quartile ranges (Fig. 4).

As has been previously reported (7,10), it has not
yet been possible to distinguish between stable
patients with prior poliomyelitis and those with new
weakness from electromyographic or muscle biopsy
findings. No clear distinctions were brought out in the
present study either, since subjects with new or
increased muscle weakness and those without new
symptoms could not be clearly separated with respect
to changes in fiber areas (Figs. 3 and 5). However, if
functional deterioration causes a subject to change his
activity pattern markedly, such as changing from
walking to using a wheelchair, further loss of strength
and fiber areas can be assumed, since the daily
resistance training in weight-bearing activities ceases.
In the present study, this is illustrated in the subject
with the largest decrease in the area of type I fibers
(from a median value of 12.7 to 3.4 um? x 10%) and
also in type II fibers (from 7.9 to 6.4 um’ x 10%)
(patient no. 1018 in Fig. 4D, see also Fig. 5B). It
should also be noted that the variation coefficients for
fiber areas were very large, specially at the first
examination (type I 61%, type II 72%, compared to
an average of 38% and 47% respectively, for the
whole group), probably indicating on-going changes
in fiber size. This patient’s muscle strength was
reduced by 30-40% during the same period, as
evident from the dynamometer readings, and he had
used his wheelchair more or less constantly during the
last 2 years.

Some evidence of reduced capillarization was
noted at the first examination, a finding similar to
that reported from the anterior tibial muscle (5) and
an overall reduction in the concentration of an
oxidative enzyme, citrate synthase (12), was also
seen. Some subjects with rather normal values
showed reduction in the enzymatic activity values
during the observation period. which might be due
to some reduced level of physical activity during that
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period. Several factors may contribute to the com-
plaints of muscle fatigue; reduced capillarization and
oxidative enzyme activities are possible explanations.
The increased fatigability in the endurance test in the
stable, but not in the unstable, subjects points to
divergent patterns for the increase in muscle weak-
ness and in fatigue. Unfortunately, the number of
subjects with biopsies for enzyme measurements was
too low to allow separate analyses to be made for
unstable and stable patients, and measurements of
capillarization gave no conclusive evidence of changes
over time.

Further studies, including long-term follow-up, will
elucidate positive and negative effects of the func-
tional compensatory processes in the post-polio state.
Such information will also be of interest for other
conditions in which there is a successive reduction in
the number of motor units, such as motor neuron
disease and ageing, and will provide basic knowledge
of biological processes in primary non-myopathic
muscle fibres subjected to stress.
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