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Physiological characterisation of the "warm up" effect
of activity in patients with myotonic dystrophy
R G COOPER, M J STOKES, R H T EDWARDS

From the Muscle Research Centre, Department of Medicine, University ofLiverpool, Liverpool, UK

SUMMARY Contractile properties of adductor pollicis muscle were examined over a range of
stimulation frequencies in patients with myotonic dystrophy and normal subjects. In patients, fresh
muscle demonstrated impaired relaxation, weakness at all frequencies and selective loss of force and
excitation at high frequencies. During stimulated "fatiguing" activity, patients showed improve-
ments in force and relaxation which appeared to result from normalisation ofmembrane excitation.
Normal twitch potentiation also occurred during activity suggesting intact excitation-contraction
coupling. These electrophysiological findings help to characterise and explain the "warm up" effect
described by patients.

Myotonic dystrophy is an inherited multisystem dis-
ease, including a muscle disorder which is character-
ised by weakness and slowed relaxation (myotonia)
following a contraction. Myotonia is associated with
abnormal and continued sarcolemmal membrane
excitation' but the precise mechanisms causing myo-
tonia and weakness, and whether they are related, are
not known. A frequent clinical observation is that
both improve with exercise, this being known as the
"warm up" phenomenon. Belanger and McComas2
suggested that the increase in strength was due to
improvements in motoneuron activation by descend-
ing pathways that is, increased central drive. Previous
studies with repeated contractions2'- have docu-
mented improvements in force, excitation and relax-
ation time but during these investigations force,
excitation and relaxation were not examined simulta-
neously and temperature was poorly standardised.
The aims of the present study were to investigate

"warm up" and the mechanisms of myotonia and
weakness quantitatively and simultaneously under
more precisely controlled conditions. Contractile
properties were examined in the adductor pollicis
(AP), a particularly suitable muscle to study since
myotonic dystrophy is primarily a disease of distal
muscles. Part of this work has been presented to the
Physiological Society' and to the Medical Research
Society.6
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Methods

Experimental subjects
Nine normal volunteers (8 male) aged 25-34 years, and seven
patients with myotonic dystrophy (6 male) aged 20-52 years,
were studied. The clinical diagnosis of myotonic dystrophy
was confirmed by electromyography and muscle biopsy. All
subjects gave their informed consent for participation in this
study which was approved by the Liverpool Area Health
Authority Ethical Committee.

Contractile properties ofmuscle
Full details of the equipment and experimental procedures
are described in a previous publication,7 thus only a brief
description is given here. Prior to all experiments, muscle
temperature was standardised by warming the hand and
forearm in a water bath at 45°C for 10 minutes, and main-
tained throughout the experiment with a lamp.8 Con-
tractions ofAP were produced by supramaximal stimulation
of the ulnar nerve at the wrist in a set frequency pattern, viz
1, 10, 20, 50, 100 and 1Hz for 1 second each (1OHz for
2 seconds). The resulting isometric forces were measured by
a strain gauge attached to the thumb. The force signal pro-
duced was also differentiated with respect to time and used
to calculate the maximal relaxation rate (MRR, that is, the
maximum percentage (%) of force loss in 1Oms) after stimu-
lation at 100Hz.9 Surface electromyography (EMG) over
AP was used to record the compound muscle action potential
(CMAP) and the peak to peak amplitude was measured.
Simultaneous oscillographic recordings of force, force
differential (MRR) and CMAP were termed the pro-
grammed stimulation electromyogram or PSEM (fig 1).10
Experimental protocols
Activity without arterial occlusion A control PSEM was
performed in fresh muscle and fatiguing activity consisted of
50 PSEMs, repeated at intervals of 12 s (that is with a 5 s rest
between each one). Recovery was monitored using the
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"Warm up" in myotonic dystrophy
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Fig 1 Programmed stimulation electromyogram (PSEM) in a normal subject in fresh muscle (1st
PSEM), at the end of unoccluded stimulated activity (50th PSEM) and at the end of ischaemic activitY
(15th PSEM).

PSEM at intervals of 0 5, 1, 2, 3, 5, 10 and 15 minutes after above systolic blood pressure. After 3 minutes of ischaemic
the end of activity. rest (during which time 50% oxygen depletion occurs, thus
Activity with arterial occlusion A control PSEM was per- minimising oxidative metabolism"1), fatiguing activity was

formed in fresh muscle. A sphygmomanometer cuff was commenced consisting of 15 PSEMs repeated as above. The
inflated around the upper arm and maintained at 100mm Hg cuff was then deflated and recovery monitored as above.

Table 1 Declines in force and excitation at the end of activity without circulatory occlusion in normal subjects and
patients with myotonic dystrophy (mean, JSD, Mann- Whitney U test)

Force (%O offresh) Excitation (% offresh)

Stimulation Normals Patients Statistical Normals Patients Statistical
Frequency (Hz) n = 9 n = 6 Significance n = 9 n = 6 Significance

1 71, 15 120, 35 p < 0001 81, 22 96, 8 NS
10 93, 31 71, 19 NS 90, 18 110, 10 NS
20 66, 7 68, 13 NS 91, 11 121, 17 p < 001
50 76, 5 83, 8 NS 68, 19 140, 48 p < 001
100 72, 7 105, 22 p < 001 42, 9 148, 70 p < 001

1 49,9 225, 140 p<005 73, 19 192, 94 p<005

Table 2 Declines in force and excitation at the end of activity with circulatory occlusion in normal subjects and patients
with myotonic dystrophy (mean, 1SD, Mann- Whitney U test)

Force (% offresh) Excitation (% offresh)

Stimulation Normals Patients Statistical Normals Patients Statistical
Frequency (Hz) n = 6 n = 6 Significance n = 6 n = 6 Significance

1 21, 15 53, 26 p < 005 72, 12 84, 23 NS
10 51, 47 94, 53 NS 62, 14 84, 32 NS
20 31, 15 55, 23 NS 49, 19 74, 35 NS
50 32, 10 46, 17 NS 20, 8 39, 12 p < 005
100 21, 6 40, 20 NS 18, 9 52, 15 p < 005

1 13, 6 109, 85 NS* 70, 12 143, 69 p < 005

N.B. The non-significance of some force differences,* despite their magnitudes, was due to the large variability caused by one patient with mild
symptoms.
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Fig 2 Programmed stimulation electromyogram (PSEM) in a patient with myotonic dystrophy in fresh
muscle (Ist PSEM), at the end of unoccluded activity (50th PSEM) and at the end of ischaemic activity
(JSth PSEM).
N.B. The sensitivity gains for force and electromyographic recordings were higher than those used in the
normal subjects.

These protocols were performed in random order and at
least one week apart to ensure full recovery of AP. Not all
subjects underwent both protocols, the numbers involved in
each experiment being shown in tables 1 and 2.
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Analysis
At all stimulation frequencies, force and CMAP were mea-
sured at the end of each stimulation period and where oscil-
lation occurred (for example 1O Hz) the force was measured
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Fig 3 Changes in the frequency :force relationship in (a) normal subjects and (b) patients during unoccluded activity.

Note the potentiation offorce at 10Hz in normal subjects during early activity, and normalisation of the curve in patients by
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"Warm up" in myotonic dystrophy
through the middle of the oscillation. The mean force and
CMAP at each frequency and the MRR after 100 Hz stimu-
lation were measured on every 5th PSEM during activity
without circulatory occlusion and on each PSEM during
activity with occlusion. The results are expressed as a per-
centage of the equivalent part of the PSEM from fresh
muscle. Frequency: force curves were calculated for fresh
muscle and at intervals during activity by expressing all force
values as a percentage of that at 1OOHz in fresh muscle.12
Results are expressed as mean, I SD in the text and tables,
and as mean, I SEM in the figures (for clarity). Comparisons
between the results for patients and normal subjects were
made using the Mann-Whitney U test.

Results

Contractile properties offresh muscle
There were remarkable differences between the fresh
PSEM from nomal subjects (fig 1) and that from
patients (fig 2). Patients were weak at all frequencies,
such as force at 100 Hz was 35, SD 13 Newtons in
patients compared with 80, SD 17 Newtons in normal
subjects. Excitation was also lower in patients such
that their EMG recordings were made at higher sensi-
tivity gains. In normal subjects, there was the expected
post-tetanic potentiation at 1 Hz (pre- to post-tetanic
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increase to 151, SD 20%). Patients, however, showed
a pre- to post-tetanic decline to 77, SD 55%. These
changes in the post-tetanic twitch force were accom-
panied by corresponding changes in CMAP (pre- to
post-tetanic increase in normal subjects to 101, SD
11%, and a decline in patients to 61, SD 31%). The
MRR was substantially lower in patients; 3, SD 3
(range 06-86)% lOms-1 than in normal subjects;
12-1, SD 0-7 (10-8-13-5)% lOms '.

Activity without arterial occlusion
Force In normal subjects, the PSEM at the end of
activity was similar to that in fresh muscle but all
constituents were smaller (fig 1). Force was reduced at
all frequencies (table 1). In patients, force either
actually increased (for example at I and 100 Hz) or
was reduced less than in normal subjects (table 1).
Force changes at 20 and 50 Hz were similar in normal
subjects and patients (table 1). In patients there was
little or no potentiation at 10 Hz. These differences in
force changes are obvious when examining the
frequency: force relationship during activity (fig 3).
Despite the increases in force, patients remained rela-
tively weak (for example after 3 minutes of recovery,
force at 100 Hz was 37, SD 10 Newtons in patients but

Time (min)

Fig 4 Changes during unoccluded activity at 100 Hz in (a)
force (b) excitation and (c) maximal relaxation rate in
normal subjects (0) and patients (0) with myotonic
dystrophy.

Time (min)
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65, SD 13 Newtons in normal subjects). By the end of
activity, the pre- to post-tetanic changes in twitch
force had become similar in normal subjects (102, SD
4%) and patients (97, SD 23%) owing to the marked
improvements in the post-tetanic twitch in patients.
During recovery, the reduced force at most low fre-
quencies persisted both in normal subjects and
patients; for example at 1OHz after 10 minutes of
recovery, 74, SD 10% and 75, SD 16% of fresh values
respectively. In patients, improvements in force at
100 Hz (fig 4a) and the post-tetanic twitch continued
during early recovery.
Excitation In normal subjects, CMAP declined at all
stimulation frequencies while in patients, CMAP
increased at most frequencies (table 1; for example
100 Hz, fig 4). The pre- to post-tetanic twitch changes
in excitation at the end of activity had, as force
changes, become similar in normal subjects (92, SD
4%) and patients (98, SD 4%) owing to the marked
improvements in the post-tetanic twitch CMAP in
patients. Improvements in excitation at 100 Hz (fig 4b)
and the post-tetanic twitch in patients, continued
during early recovery.
Relaxation In normal subjects, the MRR declined
rapidly and then plateaued. In patients, however, the
MRR increased before plateauing at values similar to
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those in normal subjects, and increased further during
early recovery (fig 4c). Thus, at the end of activity, the
PSEM of patients had assumed a "normal" appear-
ance (fig 2).

Activity with arterial occlusion
Force The PSEM at the end of activity had become
similar in normal subjects (fig 1) and patients (fig 2).
Potentiation at 1OHz occurred during activity (peak
force in normal subjects was 189, SD 121%, and in
patients 170, SD 47%) and recovery (154, SD 60%
and 144, SD 64% respectively). At all frequencies,
patients showed smaller reductions in force than
normal subjects (table 2; for example at 1OOHz,
fig 5a).
Excitation Changes at most low frequencies were
similar in both groups but at high frequencies (for
example 1OOHz, fig Sb) and the post-tetanic twitch,
excitation was reduced less or actually increased in
patients during activity (table 2) and became obvi-
ously potentiated during early recovery (for example
at 100Hz fig Sb).
Relaxation The MRR declined in normal subjects
while in patients it initially increased before declining
to values similar to those in normal subjects (fig Sc).
During early recovery, the MRR again increased in

Time (min)

Fig 5 Changes during ischaemic activity at 100 Hz in (a)
force (b) excitation and (c) maximal relaxation rate in
normal subjects (0) and patients (0) with myotonic
dystrophy.
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"Warm up" in myotonic dystrophy

patients before declining towards the abnormal
resting values (fig 5c).
Discussion

Contractile properties offresh muscle
The highly characteristic appearance of the PSEM
from fresh myotonic muscle was the result of impaired
relaxation, failure of force maintainance at high fre-
quencies and absence of post-tetanic twitch poten-
tiation. The associated reductions in CMAP imply
excitation propagation failure. However, although
activity substantially increased excitation in myotonic
patients, it remained below the normal range sug-
gesting that there may also be a loss of motor units. 13
Several mechanisms have been postulated to explain
post-tetanic potentiation in normal muscle,14 15 16 17
but its absence in fresh myotonic muscle is probably
the result of excitation failure rather than a defect in
these mechanisms (see below). The considerable vari-
ation in MRR, in fresh myotonic muscle, was not
unexpected since clinical myotonia may vary
markedly between patients.

Changes during activity and recovery
Force and excitation The relationship between force
and excitation in normal subjects has previously been
discussed.7 Increases in force in patients were associ-
ated with improvements in excitation which occur due
to a "conditioning" effect of preceding activity on the
muscle membrane, as previously demonstrated.'8 The
normal capacity for twitch potentiation after activity,
shown in the present study, was also observed by
Belanger and McComas2 and appears to to result
from the improvements in excitation (table 1, 2). This
suggests that excitation-contraction coupling, which
is necessary for potentiation,2" is intact in myotonic
dystrophy.
Relaxation Reductions in myotonia, indicated by
increases in MRR, appeared to be related to increases
in excitation. Changes in excitation and MRR, how-
ever, became dissociated during both early activity
and early recovery. These dissociations might be
explained by temperature changes since myotonia, in
myotonic dystrophy, is known to be worse in the cold
and improved with increasing temperature.4 Thus, in
the present study, dissociations occurred at times
when changes in thermal energy production and loss
within the muscle would be greatest, that is during
early activity and recovery respectively.8 The cause of
impaired relaxation may be more temperature sensi-
tive than that for force or excitation therefore pro-
ducing "lags"in their rates of change, relative to
MRR.
The initial increase in MRR, despite circulatory

occlusion (fig 5c), suggests that oxygen and oxidative

1139

energy substrate supply are not vital to "warm up".
The subsequent decline in MRR appears to represent
true fatigue changes with suppression of "warm up"
due to metabolite accumulation.

Fatiguability of dystrophic muscle
In the present study force loss at the end of activity
was less in patients suggesting that dystrophic muscle
is less fatiguable. However, during activity two pro-
cesses were occurring simultaneously in the dys-
trophic muscle, that is, "warm up" and fatigue.
"Warm up" could presumably involve progressive
recruitment of previously rested contractile elements
where in normal muscle full activation is achieved
upon initial stimulation. Furthermore, since the max-
imal force capacity of fresh myotonic muscle cannot
be established, interpretations regarding fatiguability
are not possible. This point is emphasised in early
recovery where improvements in force, excitation and
MRR continue until the beneficial effects of "warm
up" begin to wear off.

Mechanisms of myotonia and weakness
Myotonia is thought to result from a defect which
reduces the potential difference across the sarco-
lemmal membrane20 but the precise mechanism is
unknown. The reduced potential difference renders
the membrane less stable and liable to repetitive depo-
larisation on minimal mechanical or electrical stimu-
lation, as when inserting a needle EMG electrode into
a muscle. This produces characteristic abnormal
action potentials, or "after discharges". Slight move-
ment of the electrode causes further abnormal EMG
activity. The production of these disruptive "after dis-
charges" during voluntary activity could severely
hamper the effective propagation of normal action
potentials along the muscle membrane, as suggested
by the pre- to post-tetanic depression of the CMAP in
the fresh myotonic PSEM (fig 2).

Possible membrane defects in myotonic dystrophy
include: increased Na+ conductance,2' failure of the
Na+/K+ pump mechanism22 and abnormalities of
membrane ATPases.23 However, abnormalities of
ionic channels (Cl-, K+ and Na+), demonstrated by
voltage clamp experiments in different myotonic syn-
dromes (reviewed by Ruidel and Lehmann-Horn),23
have yet to be conclusively demonstrated in myotonic
dystrophy. Furthermore, postulated mechanisms
causing myotonia in myotonic dystrophy appear
different from those in other myotonias; for example
reduced membrane Cl - and K+ conductance occur in
animal myotonias and in human myotonia congenita
but not in myotonic dystrophy.23-25 Extrapolation
between myotonic syndromes is therefore potentially
misleading.
Weakness in myotonic dystrophy is due to a pri-
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mary defect within the muscle since the possibility of
a primary neurogemc cause appears to have been
excluded.2182526 Part of the weakness is due to
dystrophy27129 with the severity of histological
changes correlating with clinical weakness.30 It has
been suggested that excitation-contraction coupling
failure3' may contribute to weakness in myotonic dys-
trophy.3233 Absence of potentiation of force at 10 Hz
during unoccluded activity in patients in the present
study, despite increased excitation, appears to support
this suggestion. However, the potentiation of force
which occurs during activity in normal muscle, and
which is thought to be due to increased fusion of tetani
caused by slowing of MRR,15 would have been pre-
vented by the rapid increase in MRR which occurred
in the patients (fig 4c). Furthermore, the normal
capacity for twitch potentiation observed in patients
once "warm up" has occurred suggests normal
excitation-contraction coupling (see above).

Mechanism of "warm up"
Demonstration of "warm up" with supramaximally
stimulated contractions (thus excluding volition)
confirms that it is due to peripheral and not central
changes, such as increased motoneuron recruitment as
suggested by Belanger and McComas.2 The mech-
anism by which activity alters excitation and con-
tractile performance in myotonic muscle can presently
only be discussed speculatively. In normal human
muscle, a potent cause of force failure is thought to be
accumulation of K+ in the t-tubules34 which also
contributes to myotonia in the myotonic goat1 35 and
reduces the duration of warm up in chemically
induced myotonia in the mouse diaphragm.36 Alter-
natively, reduction in extracellular Na+, rather than
K+ accumulation, might cause fatigue in normal
muscle,34 and is known to cause failure of action
potential propagation in normal frog muscle.37 Thus,
the normalising effect of "conditioning" activity could
be due to removal of K+ from the t-tubules and/or
restoration of normal extracellular Na+ concen-
trations.
Another possible explanation for "warm up" is a

decrease in intracellular pH during activity.36 Con-
centrations of inorganic phosphate (Pi) increase
during activity and are thought to inhibit membrane
and myofibrillar ATPases causing reduced excitation
and force.38 Since, during recovery, Pi returns
towards normal values before pH39 this may explain
the further increases in force, excitation and MRR
during early recovery in patients. The very marked
and immediate increases (particularly in excitation)
after occluded activity appear to indicate that condi-
tioning of the membrane occurs despite the obvious
suppression of "warm up" during fatiguing activity.
The present study suggests that myotonia and some

Cooper, Stokes, Edwards

of the weakness in myotonic dystrophy result from
abnormal excitation. It appears that activity renders
the sarcolemmal membrane less unstable such that
disruptive depolarisation occurs less easily, allowing
normal relaxation and membrane excitation propaga-
tion to occur. This permits more complete activation
with the resulting improvements in force. Use of the
present technique to assess the effects of certain drugs
(for example membrane stabilising agents) with
specific effects to isolate different factors may eluci-
date further the mechanisms involved in myotonic
dystrophy.

We thank the patients and normal subjects who took
part in this study, and gratefully acknowledge the
support of the Muscular Dystrophy Group of
Great Britain and Northern Ireland, and ICI
Pharmaceuticals.

References

1 Adrian RH, Bryant SH. On the repetitive discharge in myotonic
muscle fibres. J Physiol (Lond) 1974;240:505-15.

2 Belanger AY, McComas AJ. Contractile properties of muscles in
myotonic dystrophy. J Neurol Neurosurg Psychiatry
1983;46:625-31.

3 Leyburn P, Walton JN. The treatment of myotonia: a controlled
clinical trial. Brain 1959;82:81-91.

4 Mano Y, Honda H, Takayanagi T. Electrophysiological analysis
of warming up phenomenon in myotonia. Jap J Med
1985;24:131-4.

5 Cooper RG, Edwards RHT, Stokes M. Human muscle fatigue:
reversed changes in myotonic dystrophy. J Physiol (Lond)
1987;390:133P.

6 Stokes M, Cooper RG, Edwards RHT. Effects of activity and
ischaemia on muscle relaxation in myotonic dystrophy. Clin
Sci 1987;73:53P.

7 Cooper RG, Edwards RHT, Gibson H, Stokes M. Human
muscle fatigue: Frequency dependence of excitation and force
generation. J Physiol (Lond) 1988;397:585-99.

8 Wiles CM, Edwards RHT. The effect of temperature, ischaemia
and contractile activity on the relaxation rate ofhuman muscle.
Clin Physiol 1982;2:485-97.

9 Wiles CM, Young A, Jones DA, Edwards RHT. Relaxation rate
ofconstituent muscle fibre types in human quadriceps. Clin Sci
1979;56:47-52.

10 Edwards RHT. Physiological analysis of skeletal muscle weak-
ness and fatigue. Clin Sci Molec Med 1978;54:463-70.

11 Harris RC, Hultman E, Kaijser L, Nordesjo L-O. The effect of
circulatory occlusion on isometric exercise capacity and energy
metabolism of the quadriceps muscle in man. Scand Clin Lab
Invest 1975;35:87-95.

12 Merton PA. Voluntary strength and fatigue. J Physiol (Lond)
1954;123:553-64.

13 McComas AJ, Campbell MJ and Sica REP. Electrophysiological
study of dystrophia myotonica. J Neurol Neurosurg Psychiatry
1971;34:132-9.

14 Ranatunga KW. Potentiation of the isometric twitch and mech-
anism of tension recruitment in mammalian skeletal muscle.
Exp Neurol 1979;63:266-76.

15 Bigland-Ritchie B, Johansson R, Lippold OCJ, Woods JJ.

P
rotected by copyright.

 on M
ay 22, 2023 by guest.

http://jnnp.bm
j.com

/
J N

eurol N
eurosurg P

sychiatry: first published as 10.1136/jnnp.51.9.1134 on 1 S
eptem

ber 1988. D
ow

nloaded from
 

http://jnnp.bmj.com/


"Warm up" in myotonic dystrophy
Contractile speed and EMG changes during fatigue of
sustained maximnal voluntary contractions. J Neurophysiol
1983;50:313-24.

16 Vandervoort AA, Quinlan T, McComas AJ. Twitch potentiation
after voluntary contraction. Exp Neurol 1983;81:141-52.

17 Moore RL, Stull JT. Myosin light chain phosphorylation in fast
and slow skeletal muscles in situ. Am J Physiol 1984;247:
C462-71.

18 Brown JC. Muscle weakness after rest in myotonic disorders: an

electrophysiological study. J Neurol Neurosurg Psychiatry
1974;37:1336-42.

19 Krarup C. Enhancement and dimunition of mechanical tension
evoked by staircase and by tetanus in rat muscle. J Physiol
(Lond) 1981;311:355-72.

20 Gruener R, Stern LZ, Markovitz D, Gerdes C. Electro-
physiologic properties of intercostal muscle fibres in human
neuromuscular diseases. Muscle Nerve 1979;2:165-72.

21 Hofmann WW, DeNardo GL. Sodium flux in myotonic muscular
dystrophy. Am J Physiol 1968;214:330-6.

22 Hull KL, Roses AD. Stochiometry of sodium and potassium
transport in erythrocytes from patients with myotonic mus-

cular dystrophy. J Physiol (Lond) 1976;254:169-81.
23 Ruidel R, Lehmann-Horn F. Membrane changes in cells from

myotonic patients. Physiol Rev 1985;65:310-56.
24 Barchi RL. Myotonia. An evaluation of the chloride hypothesis.

Arch Neurol 1975;32:175-80.
25 Harper PS. In: Harper PS, ed. Myotonic Dystrophy. London, WB

Saunders 1979.
26 Brown JC, Charlton JE. A study of sensitivity to curare in

myasthenic disorders using a regional technique. J Neurol Neu-
rosurg Psychiatry 1975;38:27-33.

27 Walton JN, Gardner-Medwin D. In: Walton JN, ed. Disorders of
Voluntary Muscle. Edinburgh, 1974:594.

28 Swash M, Fox. KP. Abnormal intrafusal muscle fibres in myo-

1141
tonic dystrophy: a study using serial section. J Neurol Neu-
rosurg Psychiatry 1975;38:91-9.

29 McComas AJ. In: McComas AJ, ed. Neuromuscular Function and
Disorders. London: Butterworths, 1977.

30 Mussini I, Di Mauro S, Angelini C. Early ultrasound and bio-
chemical changes in muscle in dystrophia myotonia. J Neurol
Sci 1970;10:585-604.

31 Edwards RHT, Hill DK, Jones DA, Merton PA. Fatigue of long
duration in human skeletal muscle after exercise. J Physiol
(Lond) 1977;272:769-78.

32 Lipicky RJ. Studies in human myotonic dystrophy. In: Rowland
LP, ed. Pathogenesis of Human Muscular Dystrophy.
Amsterdam: Excerpta Medica, 1977:729-38.

33 Wiles CM, Edwards RHT. Weakness in myotonic syndromes.
Lancet 1977;li:598-601.

34 Jones DA, Bigland-Ritchie B, Edwards RHT. Excitation fre-
quency and muscle fatigue: mechanical responses during vol-
untary and stimulated contractions. Exp Neurol 1979;64:
401-13.

35 Adrian RH, Marshall MW. Action potentials reconstructed in
normal and myotonic muscle fibres. J Physiol (Lond) 1976;
258:12543.

36 Birnberger KL, Klepzig M. Influence of extracellular potassium
and intracellular pH on myotonia. J Neurol 1979;222:23-36.

37 Bezanilla F, Caputo C, Gonzalez-Serratos H, Venosa RA.
Sodium dependence of the inward spread of activation in iso-
lated twitch muscle fibres of the frog. J Physiol (Lond)
1972;223:507-23.

38 Wilkie DR. Muscular fatigue: effects of hydrogen ions and inor-
ganic phosphate. Fed Proc 1986;45:2921-3.

39 Ross BD, Radda GK, Gadian DG, Rocker G, Eseri M, Falconer-
Smith J. Examination of a case of suspected McArdle's syn-
drome by 31p nuclear magnetic resonance. N Engi J Med
1981;304:1338-42.

P
rotected by copyright.

 on M
ay 22, 2023 by guest.

http://jnnp.bm
j.com

/
J N

eurol N
eurosurg P

sychiatry: first published as 10.1136/jnnp.51.9.1134 on 1 S
eptem

ber 1988. D
ow

nloaded from
 

http://jnnp.bmj.com/

