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ABSTRACT

Changes in high energy phosphates (HEP)
and intramuscular pii during exercise were
measured in 17 patients with post-polio fa-
tigue and in 28 healthy controls using 3'P
magnetic resonance spectroscopy (MRS). Sub-
jects performed a dynamic hand grip exer-
cise at low and high intensity. Mean changes
in the HEP and pH showed no significant
differences between the groups, aithough the
post-polio group’s response was highly varia-
ble. Six patients showed evidence of a lower
lactate accumulation during the high inten-
sity exercise when compared with controis.
These data suggest that the whole body
fatigue experienced by polio survivors is not
related to any systemic metabolic abnormal-
ity.
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Post-polio sequelae (PPS) are symptoms that
occur in persons more than 30 vears after they
have contracted and recovered from poliomyeli-
tis. The clinical course of PPS has been well
described,!* but the mechanisms responsible
for the symptoms have not yet been identified.
Since the most promiuent feature of PPS is
often general. whole body fatigue, systemic
abnormalities in muscle metabolism (either as a
primary or secondary effect) may participate in
its etiology.® Previous work using *'P magnetic
resonance spectroscopy (MRS) has shown that
metabolic abnormaliiies are associated with
muscle denervarion® and also can be observed in
patients preset.ing wi'h chronic fatigue.” The
subtle me.bolic changes in denervation were
observed at rast in the intracellular pH and the
phosphorylat.c1 potential of the cell. In some
patients wiih chronic or persistent fatigue of
unknow . etiology, abnormalities have
detected orn MRS, at rest, during aerobic exer-
cise. ¢urirg anaerobic exercise. and during
recovery from exercise.” The current investiga-
tion was undertaken to determine if any meta-
bolic abnormalities, either systemic or spec
were present in the flexor digitorum sublimis
(FDS) muscles of PPS patients. Specifically.
MRS was used to ionitor high cncrgy nnos-
phate metabolism in the forearm muscles
a standardized hand grip exercise.
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MATERIALS AND METHODS
The PPS group consisted of 17 |
and 11 women. all having "*"1
potiomyelitls at the ume
. The subjects ranged in ag fro
(mean: 46.4 = 9.8) at U’\CTUT}LUI he siu
mean age at the onset of the ucuw
paraiytic illness 9 + 7.7 years {range: i
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Figure: Representative
31P spectra from a con-
trol (upper and lower
left) and a post-polio pa-
 tient (upper and lower
right). The data acquisi-
tion parameters for the
spectra are given in the
Materials .nc Methcrs
section,
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22). The mean time from onset of the polio to
participation in the study was 37.4 + 6.1 years
(range: 28 to 50). All subjects complained of
new, general fatigue and believed it was a
limiting factor in their daily routines. The
subjects were screened to exclude those with
depression based on Beck Depression Inventory
scores.” A medical history and physical exami-
nation were completed prior to entry into the
study, with emphasis on neurologic and muscu-
loskeletal assessment. Medical Research Coun-
¢il (MRC)’ grading was used to document
forearm muscle strength.

The control group consisted of 28 healthy,
untrained volunteers. ranging in age from 25 to

s vears imean: 23.6 6.3). Seventeen of the
subjects were men and 1] were women. None of
the control subjects had a previous history of
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) o other myologic or neurologic
srder. Zlectrediagnostic testing was not per-
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gnostic Studies: The FDS muscle of
ant arm in polio subjects was examined
! v (EMG)!Y to determine if
1Ny evidence of denervation or reinner-
“>ne o three other muscles in the body that

oeen weak during the
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the dominant arm forearm was studied by MRS
prior to electrodiagnostic evaluation. Both exami- -
nations were done on the same day. Three
subjects in whom electromyography indicated
that there were abnormalities in the FDS of the
non-dominant arm were brought back within 2
weeks for MRS of this limb.

3P Magnetic Resonance Spectroscopy: A
detailed description of the exercise protocol has
been previously reported.!!12 Briefly, it con-
sisted of three successive spectra (1 X 128 scan;
2 X 32 scans) obtained at rest, followed by four
acquisitions (32 scans each) while the subject
squeezed a hand-held manometer bulb to 100
mm Hg at 2-second intervals (EX1). A metro-
nome was used to help the subjects maintain the
proper cadence. Then two additional spectra (32
scans each) were obtained while the subject
squeezed the bulb to 300 mm Hg using the same
repetition rate (EX2).

The studies were conducted using a 26 cm,
horizontal bore. 1.9 Tesla superconducting mag-
net and an Oxford Research Systems TMR
32720 spectrometer. Subjects inserted their fore-
arm into the bore of the magnet where ideal
placement would have the FDS over a 4 cm
single turn surface coil embedded in a Plexi-
glas™ armrest. The magnet homogeneity was
adjusted on the proton signal. Using the same
doubly tuned coil, MRS was performed at 32.5
MHz. Nominal 70° pulses of 30 microsecond
duration were applied at 2.256 second intervals
and 2048 data points collected using a spectral
width of 4000 Hz and 12 bir resolution. Before
Fourier transformatica, the iree induction decay
(FID) data wer= zero filled to 4096 points and
multiplied by a 10 {1z exponential line broaden-
ing factor to imprcve the signal-to-noise ratio.
After Fourier ‘ransformation and phasing, the
resuiting specon were fit to the sum of 7
Lorentzian line shapes using a nonlinear, least
squares compuier aigorithm. The relative con-
centrations i phosphocreatine (PCr). inorganic
phosphate (Pi), and adenosine triphosphate (ATP)
were determ rom the areas under the fitted
curves. The relative concentration of ATP was
determined from the beta (PATP) peak as the
alpha and zamma peaks of ATP could contain
contributions from other merabolites. Intracellu-
lar muscie pH was calculated from the chemical
shift (3. expressed in parts per million) of Pj
from PCr using the formula:

pH = 6.75 = log([d — 3.27)/[5.69 — apH
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Table

SUMMARY OF THE MRS AND EMG DATA FOR THE PPS PATIENTS AND CONTROLS

Rest End EX1 End EX2
PCr/Pi
1D Sex pH PCr/Pi pH PCr/Pi mm Hg pH PCr/Pi vs pHf  MRC Scale EMG
1 M 7.04 7.7 6.99 3.3 250 6.67 0.9 N 5 N
2R* M 7.02 10.7 7.02 3.1 300 6.95 1.1 N 5 A
2L M 7.09 8.6 7.06 1.0 200 6.84 0.3 A 4 A
3 M 7.04 6.1 7.10 35 300 7.01 0.7 A 3 A
4 F 7.06 13.2 6.93 0.8 300 6.72 0.6 N 5 N
SR** F 7.10 5.8 6.64 0.7 INC INC INC INC 4 A
S5L* F 7.08 8.4 7.05 2.8 250 7.05 15 A S A
6 F 7.07 7.6 6.99 L3 100 6.64 04 N 5 N
7 F 7.03 5.1 7.05 4.8 200 7.12 1.1 A 5 N
8 F 7.09 7.1 7.10 3.2 280 6.97 0.8 N 5 N
9z F 7.03 6.0 7.06 2.7 300 N/A N/A INC 5 N
10 F 7.12 5.7 6.97 1.6 300 6.59 0.4 N. 5 N
LIR* F 7.05 6.3 6.93 1.4 150 6.68 0.8 N 5 N
L+ F 7.01 1.3 6.96 2.6 100 6.98 2.6 INC 5 A
12 M 7.09 6.9 7.19 1.2 120 7.10 L3 A 5 N
13 M 7.06 8.9 7.01 3.9 180 7.04 1.3 N 5 N
i4 F 7.05 5.2 6.99 35 300 6.93 1.8 N ] N
15 F 7.07 7.6 6.99 2.3 130 6.79 1.6 N 5 N
i6 F 7.07 7.4 7.01 238 200 6.96 1.1 N 5 A
17 M 7.06 7.3 Jedl 5.4 300 6.96 1.0 A 5 N
Mean 7.06 7.5 7.03 2.8 230 6.88 1.0
+=8SD 0.03 2.0 0.07 1.3 70 018 0.4
Conurol mean 7.06 6.9 7.02 2.8 295 0.81 0.8
+1SD 0.03 1.9 0.08 1.3 10 0.22 0.5
*Indicares the dominant arm when two arms on the same subjer: were evaluated. R = right. L = lerr.
“*Patient unable 1o perform EX2 due to fatigue.
*The PCi/Pi vs pH plot was compared with the controls: A == abnormal, N = Normal, INC =
incomplete daia.
atient moved arm duri (2 and spectra not useable.
atent was too “fatigued o exercise ar a hicher level and the PCr/Pi did not drop 1o below 2.0, the
evel that is necessary to unveil an abnormality in the pH response.

level of significance. The PCr/Pi vs pH respos'r;e onstrated EMG abnormalities consistent with
during exercise was also plotted as the Dresen 2~ previous poliomyelitis in at least one muscle in
tion of the data in this manner permn‘ed the body. Seven FDS muscles in five patients
determination of whether the change in pH was  had at least one EMG Lcn(\rmaiit}': increased
appropriate for the change in the PCrM ratio motor unit potential itude, increased re-
compared to the control group). The PLwWPI  cruitment frequency. decreased interference pat-
ratio 1s an mmre' estimate of the phosphoryla-  tern, p()leﬁdle 'DOte'lUc.i\ or satellite potentials.
vhich determines the mitochon- No FDS muscle had {i ‘muona or sharp waves
'*t" f the m .14 Assuming  consistent 4 Only two of
r=Pi) was a1 constant, the ratio of !
BATP/(PCr—Pi) was wso calculated to deter-
f was severe enough to

ion poter
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indicate that the MRS signal was predominantly
coming from exercising muscle.® During exer-
cise, there were no striking abnormalities, but
some individual differences were noted. During
maximum exercise (EX2), 10 of the 17 subjects
were not able to generate the 300 mm Hg
pressure in the manometer bulb. These subjects
were encouraged to continue to exercise at a
level they were able to sustain (exercise level
indicated in the Table). One subject was unable
to perform EX2 with the non-dominant right
arm.

In six subjects, deviations from the control
group in the PCr/Pi vs pH plots were apparent.
An abnormality was reported when at least three
data points during EX1 and EX? were at least
one standard deviation outside the control mean.
The PCr/Pi for this group of six fell to 1.0 = 0.4
at the end of EX2 and was not significantly
different from the controls. The corresponding
pH of 7.01 = 0.10 was significantly higher than
the mean control value of .81 =+ 0.22 (ANOVA:
F = 5.27, P<.05).

The exercise was severe enough in three of
the PPS subjects>512 to decrease ( >20%) the
concentration of ATP (as reflected by the BATP/
(PCr + Pi) ratio) during exercise. In the remain-
ing patients the ATP levels were maintained
within 10%.

EMG/MRS Daic Correlations. The variance
in the MRC score for the FDS was insufficient
to allow rational correlational analysis with the
other variables. The calculated phi coefficient
indicated that there was 1o significant associa-
tion between the MRS and the EMG data. The
point biserial correiationa; analysis revealed that
there was no significant relationship between
the EMG results »nd the PCr/Pj ratio. There was
also no correlation found between the exercise
level (mm Hg) sustained during EX2 and the
final pH, FC/Pi. or MRC score.

Discussion

The PPS group showed no unique metabolic
abnormalities that could be used to characterize

their fatioue. T

g ne mean values for PCr/Pi and

intracellular »H were within normal limits dur
ing rest -and EX2: lLowever, there were
large individual variations in these parameters.

The resuits of previous research relying on
7 daat™' (fiber typing and en-
Zyme concentrations) and EMG0 have demon-
strated considerable heterogeneity in the PPS
populaticn. Therefore, the heterogenelity of the
wuld not be ail that SUrprising.
i patients with partial

ey

hat the rest
differed from a control
wane et ai® found that, at rest,

2y sy

nuscie

patients with partial denervation had a pl
7.09 = 0.03 with a corresponding PCr/Pj
of 46 * L5. Only five of the PPS pati
(seven FDS muscles) had EMG docume
evidence of chronic denervation/reinnerva
in the forearm muscle studied, and none of ¢
had resting PCr/Pi ratios under 5.8. It app.
that the denervation in the patients may not }
been severe enough to alter the mitochong
phosphorylation potential or that the FDS
cle has been reinnervated adequately by sec
dary sprouting.

The forearm muscles in six patients did
acidity significantly during exercise, o
though the task was performed at a leve] ¢
reduced the PCr/Pi ratio substantially fr
resting values. The PCr/Pj changes were sim:
to the control group during EX2, but the lack
significant accumulation of lactic acid co
indicate either a relative decrease in glycoly
activity compared to the controls, or a mq
efficient handling of the lactate load in these
patients. Reduced acidification during high
tensity exercise also has been noted in patie:
with mitochondrial myopathies, 4 Argov et g
hypothesized that these patients may handle t
lactate load more efficiently. At rest, the patier
with mitochondrial myopathies exhibited a gre:
reduced PCi/Pi ratio. This was not the case
the PPS patients in whom the PCr/Pi ratio at re
was the same as the control group.

Increased lactate handling efficiency could t
achieved by a greater than expected increase
blood flow during exercise. This would enah
the lactic acid to be removed more quickly fios
the exercising muscie. We are not aware of an
direct measurements of muscle biood tlowy i
PPS subjects. but cutaneous blood flow ¢
been measured?! and was found to be lower i
the affected limb. In addition. Grimbs ar al
found a lower capillary density in muscles ¢
PPS subjects when compared to controls whic.
could aiso impede lactate removal by the blooc
Thus, it is unlikely that 5lood flow could b
responsible for the lack of acidification during
exercise.

Functional decompensation is characteristic
of PPS. After a iong © functiona
stability there may be v of moto
neurons that are extended he their limit
and are unable o ieer ] (
demands of their eniareed motor units. Thi
resuits in the droppine indi '
eral sprouts and musc)
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This should have resulted in a greater acidifica-
tion than the controls, who were exercising
below their maximum. Since the opposite trend
was observed, the lack of acidification during
EX2 becomes even more significant.

Additionally, considering the fiber dropout, it
may be hypothesized that the remaining fibers
undergo a ““conditioning” due to the increased
demands. This would cause an increase in the
oxidative capacity of the muscle®3 which would
decrease anaerobic metabolism. However, it has
been shown that the concentration of the oxida-
tive enzyme, citrate synthase is substanually
lower than normal!723 in polio survivors, which
could limit exercise endurance. Indeed, in the
exercise protocol employed here, with a work to
rest ratio of 1, endurance becomes an important
component. Recently, it has been demonstrated
that modest increases in citrate synthase activity
with a resulting increase in endurance can be
achieved in polio survivors bv a high-intensity
resistance exercise pregram.?

A similar pH response to exercise has been
noted in patients with McArdle's disease.* In
the McArdle’s patients, it is the absence of the
glycogen converting enzyme phosphorylase that
limits the olycolvm production of lactate. Such
an explanation in the PPS patients is unlikely.
because the glycolytic enzymes of PPS atfected
muscle have been shown to be within normal
limit@ "7 A lower glycolytic activity would be

osistent with a change in the fiber composi-
tlon of the affected muscle, such as the hypothe-
sized transition from tyve II (phasic. glycolytic)
'O type 1 (toni.. oxidative) 11bers that occurs
follrwing w ute poliomvelitis.!7-23
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