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Incidence, severity, and time-course of motoneurone
dysfunction in myotonic dystrophy: their significance
for an understanding of anticipation
A. J. McCOMAS, R. E. P. SICA, AND K. TOYONAGA

From the Department of Medicine (Neurology), McMaster University, Hamilton, Ontario, Canada

S U M M AR Y The numbers of functioning motor units and the amplitudes of the maximum
evoked muscle responses have been measured in 198 muscles of 102 patients with myotonic
dystrophy. Losses of units could be demonstrated in most of the extensor digitorum brevis and
thenar muscles but less commonly in the hypothenar groups. A more proximal limb muscle, the
soleus, was also shown to be involved frequently. Investigation of two premature infants with
myotonic dystrophy also revealed reductions of functioning units; in one infant clinical im-
provement was associated with increased muscle innervation. Repeated examinations of 10 adult
patients disclosed an abnormal decline in neuromuscular function below the age of 60 years. The
reduction in functioning units amounted to approximately 3%/0 of the mean control value per

annum. Analysis of 19 families showed that the severity of neuromuscular involvement was

nearly always greater in members of later generations. If the predicted deterioration was also
taken into account, the results strongly suggested that anticipation was a true genetic
phenomenon rather than an artefact of selection. The combined results are considered to
strengthen the concept of motoneurone dysfunction as the major pathogenetic factor in this
form of dystrophy.

A number of clinical reports have drawn attention
to the occasional presence of a peripheral neur-
opathy in patients with myotonic dystrophy (see,
for example, Caccia et al., 1972; Kito et al., 1973;
Borenstein et al., 1977). However, when a newly
devised electrophysiological technique was used to
examine the extensor digitorum brevis muscle,
McComas et al. (1971a) found that most patients
had selective losses of functioning motor units, and
they interpreted this as evidence of neuropathic
involvement. These observations were subse-
quently confirmed by Polgar et al. (1972), using
the same motor unit counting technique, and by
Ballantyne and Hansen (1974) and Panayioto-
poulos and Scarpalezos (1976), using modifi-
cations of that technique. On the basis of their
observations in myotonic and other forms of
dystrophy McComas et al. (1971c) postulated that
muscular dystrophy resulted from impairment of
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the normal neurotrophic influence exerted by
motoneurones on muscle fibres (the "sick" moto-
neurone hypothesis). While the status of this hy-
pothesis remains uncertain in both human and
animal forms of dystrophy (for recent reviews see
McComas, 1977, and Sica and McComas, 1978)
certain observations of an anatomical nature have
been interpreted as evidence against the validity
of the neurophysiological findings. Thus Pollock
and Dyck (1976) found normal densities of large
myelinated axons in cutaneous and muscle fas-
cicles of the common peroneal nerves of four
patients with myotonic dystrophy. Similarly, in a
necropsy study of five patients with myotonic
dystrophy, Walton et al. (1977) counted normal
numbers of spinal motoneurones in four.
Although, for obvious reasons, the anatomical
demonstration of losses of motoneurones or of
motor axons was not a requirement of the sick
motoneurone hypothesis (McComas et al., 1971c),
it could also be argued that any neuropathic
changes in myotonic dystrophy might have been
confined to the extensor digitorum brevis, the
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muscle employed in all the neurophysiological
studies cited above. Such an interpretation would
gain credence through the finding of denervation
changes in the extensor digitorum brevis (EDB)
muscles of most "normal" subjects (Jennekens
et al., 1972) for this would suggest that the
peroneal nerve is predisposed to trauma and
would be particularly vulnerable in disabled
patients. We have argued elsewhere that trauma
cannot be an adequate explanation for the neuro-
pathological abnormalities found in myotonic
dystrophy for several reasons (McComas et al.,
1971a, 1974a) but the possibility remains that the
neural dysfunction reported for EDB may be
peculiar to that muscle. For this reason we wish
to report our cumulative experience of motor
unit counting in a variety of muscles in a rela-
tively large population of patients with myotonic
dystrophy. We will show that losses of functioning
motor units can be demonstrated in the intrinsic
muscles of the hand as well as in those of the
foot, and also in a larger muscle, the soleus. Ad-
ditional observations include estimations of the
rate of progression of the motor unit loss in indi-
vidual patients and an analysis of motor unit
function in two prematurely born infants with
myotonic dystrophy. Finally, the results in a num-
ber of families have been analysed to see whether
or not they are compatible with the concept of
"anticipation". A brief report of some of these
findings has been made elsewhere (McComas,
1977).

Methods

Motor unit counts were performed on one or more
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muscles of 102 patients with myotonic dystrophy
and of 213 controls below the age of 60 years.
The dystrophic patients comprised 50 men and
52 women; their ages ranged from 34 weeks post-
conception to 68 years (mean age 34.4- 15.1
years). Most patients were drawn from the
Hamilton region of Ontario and from Newcastle,
England. Some of the findings in the latter group
have been published previously by McComas et
al. (1971a) and by Polgar et al. (1972). A further
eight patients were investigated by one of us
(REPS) in Buenos Aires. In all instances the
patients and controls gave informed consent for
the electrophysiological procedures and the ap-
provals of the appropriate Ethics Committees
were obtained. The motor unit estimates were
made for the EDB muscles using the method of
McComas et al. (1971b), and for the thenar and
hypothenar muscles by the technique of Sica et al.
(1974). The examination of the soleus muscle was
as described by McComas (1977).

Results

DISTRIBUTION OF MOTOR UNIT LOSS
Losses of functioning motor units were found to
occur in each of the muscle groups examined, the
incidence of abnormalities being greatest in the
EDB muscles and least in the hypothenar group
(78 and 31% respectively, Fig. 1). It was of
interest that motor unit populations were depleted
in 10 of the 15 soleus muscles investigated, even
though the larger, more proximal, limb muscles
are considered to be less involved than distal
muscles in this form of muscular dystrophy. The
mean numbers of functioning units in the different
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muscle groups are shown in Table 1, and have
been compared with corresponding values in con-
trol subjects. In view of the effect of aging on
motor unit populations (Campbell et al., 1973)
only those results for subjects below the age of
60 years have been included in these calculations.

Table 1 Mean estimates (+SD) of numbers of
functioning motor units in muscles of control subjects
and patients with myotonic dystrophy-numbers of
muscles examined in parentheses. Differences between
corresponding values for controls and patients were
statistically significant (P= <0.001) except for
hypothenar muscles (P=0.05)

EDB Thenar Hypothenar Soleus

Control 212±67 343 ±97 386±90 957 ±254
subjects (162) (115) (109) (41)
Patients 84±47 157±101 336±145 430±287

(106) (41) (36) (15)

Table 2 Comparisons of motor unit numbers and of
M iwaves on the two sides of 11 patients with myotonic
dystrophy (13 pairs of muscles examined). Values for
left side uppermost in each pair of results

Patient Sex Age Muscle Units M wave
(yr) (no) (m V)

GK F 42 EDB 200 2.6
146 4.0

BW M 56 EDB 129 4.3
173 5.3

SC F 25 EDB 133 4.0
133 1.8

HC F 46 EDB 133 4.0
111 4.0r

EN M 37 EDB 110 3.9
111 3.6

JC F 20 EDB 104 2.7
111 2.0

RC M 27 EDB 98 2.40
155M.4

FM F 56 EDB 93 2.7
88 3.71

DM F 18 EDB 23 1.0
55 1.8

MF F 44 EDB 25 0.6
27 1.1f

FM F 56 Hypothenar 317 8.9
269 9.41

TT F 23 Hypothenar 252 8.8
211 9.51

FM F 56 Thenar 148 9.3
183 5.9

In 11 patients electrophysiological measure-
ments were made on corresponding muscles on the
two sides. In most instances the paired results
were quite similar (Table 2) and in only two of the
13 muscles examined did the discrepancies be-
tween the two motor unit estimates exceed the
experimental error of the method (patients RC
and DM). Though the amplitudes of the maximum
evoked muscle responses (M waves) differed sig-
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nificantly in four of the patients, in three cases
the paired results were either both normal or
both abnormal, and in only one patient (SC) was
there an inconsistency.

SIZES OF SU!RVIVING MOTOR UNITS
The amplitudes of individual motor unit potentials
were of interest in that they reflected, in a very
approximate manner, the number of muscle
fibres within those units; other factors influencing
amplitude would have been the diameters of the
muscle fibres and the locations of the motor units
within the muscle bellies (see McComas et al.,
1971b). Figure 2 shows the mean amplitudes of
the potentials generated by motor units in the
EDB and thenar muscles of the patients and their
controls. The values have been plotted as a func-
tion of the estimated number of units in each
muscle. In order to improve the validity of the
comparisons both within and between the patient
and control groups, only those results in subjects
aged 15-60 years have been included. This restric-
tion eliminated the normal effects of aging seen
beyond the age of 60 years together with the
consequences of incomplete muscular development
in prepubertal subjects (Campbell et al., 1973).

It can be seen from Fig. 2 that the results in
the patients and in control subjects showed con-
siderable scatter. In the muscles of controls there
was a tendency for the largest mean amplitudes
of motor unit potentials to belong to those muscles
with fewest units. Although this finding might
have reflected normal variations in the develop-
ment of muscle innervation, it would also have
been compatible with the presence of mild chronic
denervation, followed by collateral reinnervation,
in a small proportion of supposedly normal
muscles.
The results in the thenar muscles of patients

were similar to those of control subjects in that
the mean potential amplitudes did not differ sig-
nificantly (34.1+111.3 ,uV and 32.7+19.4 ,uV re-
spectively). In the EDB muscles also, the
dystrophic and control values yielded overall
means which did not differ significantly from each
other (33.4+1-15.4 ,uV and 31.4+1=11.3 ,uV respect-
ively). However, in these muscles the scatter of
results was greater in patients than in control
subjects since seven of the eight largest observed
values and the nine smallest ones belonged to the
former group.

RELATIONSHIP TO AGE
It was not possible to demonstrate a consistent
relationship between the ages of the patients and
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Fig. 2 Mean amplitudes of motor unit potentials in
35 thenar muscle groups and in 93 EDB muscles of
patients with myotonic dystrophy aged 15-60 years
(filled symbols). Values from control subjects of
similar ages shown by open symbols. Interrupted
vertical lines denote lower limits of normal range.s for
numbers of motor units.

the sizes of their motor unit populations in the
EDB, thenar, and hypothenar muscles (Fig. 1);
the correlation coefficients for these three muscles
were 0.10, 0.20, and 0.17 respectively. The results
for soleus suggested that older subjects had fewer
units (r=0.41) but this may have been a reflection
of the relatively small number of muscles sampled.

SERIAL STUDIES
Although an effect of aging on motor unit num-
bers could not be demonstrated on the basis of the
pooled observations (see above), it was usually
evident when individual patients were examined
on a second occasion. Ten patients were studied in
this way, the mean period of observation being
44-+L14 months. In all of the nine thenar muscles
the numbers of functioning motor units and the
sizes of the maximum evoked muscle responses
(M waves) were smaller at the time of the last
examination (Fig. 3). Of the 11 EDB muscles all
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Fig. 3 First and last estimates of numbers of
functioning motor units and of maximum response
(M wave) amplitudes in EDB and thenar muscles of 10
patients with myotonic dystrophy studied serially.
Intervals between estimates shown on abscissae. The
degree of experimental error involved can be gauged by
inspection of Fig. 4 (left).

but three showed significant losses of functioning
motor units and in six muscles the M waves were
smaller. Thus, of the 40 paired measurements of
motor units and M waves in the EDB and thenar
muscles, a decline was noted in 32. This result was
unlikely to have arisen by chance (x2= 14.4;
P<0.001). The mean decrease in motor unit
number, calculated from the pooled observations
of EDB and thenar muscles, was 23+i=31% while
the mean decrease in M wave amplitude was 25+
38%.

Although, as already described, muscle function
tended to deteriorate within the patient population
there were two subjects ( A, V, in Fig. 3) in each
of whom the surprising observation was made of
an improvement in EDB performance. Whereas
the respective increases in motor unit estimates
were within the error of the experimental method,
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the enhancements of the M waves were, too large
to be explained in this way. One of these patients,
HC, was studied on a total of four occasions over
a period of 65 months, and her results have been
plotted in Fig. 4. To give some indication of the
reliability of the experimental measurements,
Fig. 4 also shows the estimated numbers of motor
units and the sizes of the M waves in a normal
adult who was investigated on 10 occasions within
a period of five weeks. When first seen at the age
of 43 years, HC had losses of functioning motor
units in all three muscles examined, with com-
mensurate reductions in the sizes of the M waves.
When a second examination was made 27 months
later, all the results had come to lie within the
corresponding normal ranges, the average im-
provement in the EDB, thenar, and hypothenar
M waves being 77%. At the third examination,
made 13 months after the second, the results in all
13 muscles were much worse, the values for the
EDB and thenar muscles now being lower than at
the first examination. At the final examination this
deterioration had been maintained in the left EDB
and increased in the thenar muscles. In contrast,
the M waves in the hypothenar and right EDB
muscles had approximately doubled. Of added
interest in relation to the right EDB muscle was
the observation that a substantial contribution
from the accessory deep peroneal nerve (Lambert,
1969) could be detected on the second and third
occasions when this muscle was studied, though
not at the first. When this patient was last seen,
not only were the number of functioning motor
units and the M wave amplitude of the right
EDB well within the respective control ranges
but the belly of the muscle had normal fullness on
inspection and palpation.

NEONATAL MYOTONIC DYSTROPHY
It is well recognised that myotonic dystrophy may
present in the newborn with severe generalised
muscular weakness, and that this may result in
respiratory and feeding difficulties. The present
study includes four definite cases with neonatal
onset. In each instance the mother was the affected
parent, in keeping with the observations of Harper
and Dyken (1972). Two of the children underwent
motor unit counting at the ages of 3 and 8 years
respectively; both had severe losses of functioning
motor units in the EDB muscles (Table 3). The
results in the other two children were of greater
interest in that both children were born prema-
turely and were first investigated at approxi-
mately 34 and 37 weeks after conception. Both

Table 3 Numbers of functioning motor units and
M wave amplitudes in EDB and thenar muscles of
four children born with clinical evidence of myotonic
dystrophy. Ages marked with asterisks are
postconceptional. In normal children the EDB and
thenar muscles contain more than 120 and 220 units
respectively

EDB Thenar

Patient Sex Age Units M wave Units M wave
(no) (m V) (no) (m V)

AB F 8 yr 121 4.7 - -
DC F 3 yr 30 1.3 - -

BC F 34 wk* 49 0.81 79 1.4

DM M 37 wk* 19 0.30 19 0.27~45wk* 59 0.95 101 2.8

children were found to have severe reductions in
the numbers of functioning motor units in the
EDB and thenar muscles (Table 3). One child,
DM, was examined eight weeks later at a post-
conceptional age of 45 weeks and exhibited a
striking increase in the numbers of functioning
motor units and in the sizes of the maximum M
waves. This baby was discharged home shortly
afterwards and, when seen at 50 weeks postcon-
ception, was making good progress-only in the
neck muscles was there thought to be any weak-
ness. The other child, BC, also increased in
strength but died from respiratory complications
at 50 weeks postconception. Although a total of
eight muscles were examined in the limbs of these
infants with coaxial electrodes, myotonic activity
was never encountered but fibrillations were ob-
served in the tibialis anterior of BC.

PEDIGREE STUDIES

In 19 families with myotonic dystrophy it was
possible to investigate members of successive
generations. The mean difference between the
ages of the two generations was 27.3+1=5.0 years.
Of the 52 children at risk, electrophysiological
evidence of myotonic dystrophy was found in 31,
corresponding to an incidence of 60%. The results
obtained in 51 EDB, thenar, and hypothenar
muscles of the second generation were compared
with those of the earlier generation.
As an example of this approach the findings in

one of the families with myotonic dystrophy have
been given in Table 4. In this, the W family (Fig.
5), the first recorded case was a woman who died
at the age of 79 years from a sarcoma of the
ureter. Until her terminal illness there had been
no evidence of muscle weakness but cataracts had
been removed from both eyes in the sixth decade.
Her son, B, also had no muscle weakness when
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Table 4 Motor unit populations and M wave
amplitudes of EDB, thenar, and hypothenar muscles of
four members of the W family (Fig. 5) with myotonic
dystrophy. Of the 12 paired comparisons only the three
values marked by asterisks are larger in the second
generation. See text

Gener- PatientAge EDB Thenar Hypothenar
ation (yr)

Units Mwave Units M wave Units M wave
(no) (m V) (no) (m V) (no) (m V)

I B {52 172 638(L) 208 4.3 336 15.0

R 27 35 2.4 187 5.3* 294 8.4
II C 25 141 2.9 217* 7.8* 324 10.8

A 21 36 1.1 93 3.0 294 7.8
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Fig. 4 Serial estimates of numbers of functioning
motor units and of maximum response (M wave)
amplitudes in thenar, hypothenar, and EDB muscles of
a 26 year old control subject JW (left hand columns)
and of a 43 year old patient HC (right hand columns)
with myotonic dystrophy, both of whom were female.
In the lower right histogram the amplitudes of the M
waves generated by stimulation of the deep peroneal
nerve at the ankle are shown by solid bars; the
differences between these values and those indicated by
the interrupted columns represent the contributions to
the M waves made by excitation of the accessory deep
peroneal nerve. Notice the large fluctuations in the
results for the hypothenar and right EDB muscles of
the patient compared with corresponding control
measurements. See text.

seen at the age of 52 years; however, he had re-
cently become aware of some stiffness in his hands
and early lenticular opacities were present. Of the
four children with myotonic dystrophy in the next
generation, three could be studied electrophysio-
logically. R had a myopathic facies, muscular
weakness, and was mildly psychotic; his two
sisters, A and C, had quite severe muscle stiffness
but no detectable weakness. Since both EDB
muscles were studied in B, the father, six paired
comparisons of EDB motor unit numbers could be
made with the three children, and in each case the
values were lower in the latter, as were the M wave
amplitudes. Three sets of results were available for
the thenar muscles and a further three for the
hypothenar ones. Of the total of 12 pairs of motor
unit comparisons the lower values were obtained
in the second generation in 11 instances; on 10 out
of 12 occasions the M waves were smaller in the
second generation.
When the results in the 19 families were com-

bined it was found that 27 of the 36 EDB, 12 of
the 17 thenar and nine of the 13 hypothenar
muscle pairs had fewer units in members of the
second generation. The same trend was evident
when the amplitudes of the M waves were used
for comparison (Table 5). In relation to the
phenomenon of anticipation, the increased inci-
dence of greater abnormalities in the children
was statistically significant for EDB, particularly
when reasonable allowances were made for the
effects of aging (see Discussion).

Discussion

INCIDENCE AND SEVERITY OF MOTONEURONE
DYSFUNCTION

The present study confirms earlier ones from this
and other laboratories in showing that there are
losses of functioning motor units in muscles of the
majority of patients with myotonic dystrophy
(McComas et al., 1971a; Polgar et al., 1972;
Ballantyne and Hansen, 1974; Panayiotopoulos
and Scarpalezos, 1976). Of the four muscle groups
examined in this study, the EDB muscle emerged
as having the highest incidence of abnormal motor
unit counts, the observed value of 78% being
close to the earlier estimate of 71% by McComas
et al. (1971a). The mean reduction in EDB units
in our study amounted to 60% and was almost
identical to the loss estimated by Ballantyne and
Hansen (1974; 59%); both these values are con-
siderably greater than the 34% diminution found
by Panayiotopoulos and Scarpalezos (1976). It was
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Table 5 Paired comparisons of muscle function between members of first (I) and second (II) generations.
Values shown are numbers of occasions when respective generation had the worse results (fewer motor
units, smaller M waves). The upper part of the table compares the muscles as they are at present. In the
lower part of the table it is assumed that the numbers of units and sizes of M waves will have declined to
30% of their present values by the time the children reach the present ages of their parents. The lowest
set of probability values take into account the fact that only relatively mildly affected cases have been
parents (see text)

Motor units M wave

EDB Thenar Hypothenar EDB Thenar Hypothenar

rI 9 5 4 10 7 5
Present II 27 12 9 26 10 8

LP < 0.005 NS NS < 0.02 NS NS

<0.005 NS

(I 1 4 0 0 2 0
lI 35 13 13 36 15 13

Predicted < 0.001 < 0.05 < 0.001 < 0.001 < 0.05 < 0.001

P <<0.001 <0.001
<0.005 NS <0.05 <0.001 NS <0.05 Allowing for
k-- ' Y ~~ I t E selection of

<0.005 <0.001 J parents

t

B Ca? Ltv
Ca Liver

LR L tC ( A b b a
27 26 25 23 21 20 18 17

Fig. 5 Pedigree of W family with myotonic dystrophy,
the affected individuals being shown by solid symbols;
ages are given below each case. In the last generation
patient L has been diagnosed by a neurologist
elsewhere and was unavailable for electrophysiological
study. See text.

of interest that motor unit depletion could be
demonstrated in 10 of the 15 soleus muscles ex-

amined in this study even though the larger
muscles of the limbs are considered to be less
affected than the intrinsic muscles of the hands
and feet in this type of dystrophy. The muscles
which showed least abnormality were those of the
hypothenar group, most patients having values
within the normal range. The relative resistance
of these muscles to neuropathic involvement is an

observation which has been commented upon pre-
viously (McComas et al., 1974a,b) and for which it
is still not possible to provide a satisfactory explan-
ation. A similar situation pertains to Duchenne
muscular dystrophy (McComas et al., 1977). Since
the greater involvement of the thenar and EDB
muscles is a feature of young children as well as

of older subjects we are now less inclined than

formerly to incriminate subclinical entrapment of
the median and peroneal nerves as the only ad-
ditional influence involved. Since such factors as
motor unit size, axon length, and amount of use
would be expected to involve the thenar and
hypothenar muscles equally, one is left with a
possibility that there may be a genetically-
determined susceptibility of individual moto-
neurone pools to neuropathic influences.
The measurements of motor unit potential

amplitude were used to shed some light on the
sizes of the surviving motor units in the partially
depleted muscles of patients with myotonic
dystrophy. Although some of the muscles were
composed of extremely small motor units (Fig. 2)
in most cases the amplitudes were normal. It
would, therefore, appear that the loss of function-
ing motor units in myotonic dystrophy is a selec-
tive one and not simply due to the gradual paring
away of muscle fibre colonies as part of a myo-
pathic process (see also McComas et al., 1971a).
In some of the EDB muscles abnormally large
motor unit potentials suggested that collateral re-
innervation had taken place and a similar inter-
pretation has been attached to the histological
finding of an increased terminal innervation ratio
by Coers et al. (1973). Other histological studies,
when subjected to orthodox interpretations, are
less easily reconciled with the present findings.
For example, Pollock and Dyck (1976) were un-
able to demonstrate any loss of large diameter
fibres in the peroneal nerves of four patients with
myotonic dystrophy. Similarly, Walton et al.
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(1977) concluded from a necropsy study of five
patients that there was no evidence of a loss of
motoneurones in the. spinal cords. Their conclu-
sion is weakened, however, by the observation that
the number of motoneurones in one of the cases
was below the lower limit of the normal range.
Further, the difference between the mean numbers
of motoneurones in the cords of dystrophic and
control subjects would have bordered on statistical
significance if all the control values below the age
of 60 years had been considered rather than the
relatively small number within the age range of
the patients. Such a strategy would appear justified
since two of the authors have demonstrated that
there is no disappearance of motoneurones in
control subjects before 60 years of age (Tomlinson
and Irving, 1977). Even with this adjustment there
is no doubt that the electrophysiological abnor-
malities are more extensive than the anatomical
ones, and one is forced to postulate the existence
of motoneurones and axons which do not have
excitable synaptic connections with muscle fibres
(see Sica and McComas, 1978). This possibility
was an integral feature of the sick motoneurone
hypothesis advanced for the muscular dystrophies
and certain other myopathies (McComas et al.,
1971c; McComas, 1977).

TIME-COURSE OF NEUROMUSCULAR DYSFUNCTION

The present study furnished one other type of
observation which strongly supports the concept of
sick motoneurones. This was the marked fluctu-
ation in numbers of functioning motor units (and
of maximum evoked muscle responses) in one of
the patients who was under surveillance for several
years (HC, Fig. 4). In this patient function could
be shown to improve temporarily in some muscles
while worsening in others. This discrepancy sug-
gested that individual motoneurone pools, or even
parts of a pool-for example, main and accessory
deep peroneal nerve divisions of EDB neurones-
could behave autonomously in relation to dys-
trophy. Despite such fluctuation in effective inner-
vation, the serial studies performed in HC and in
nine other patients showed that there was an un-
mistakable trend towards deterioration in neuro-
muscular function with advancing age. If the
results from the 10 patients were pooled, the
average losses of EDB and thenar motor units per
annum were about 3% of the respective control
means, while the corresponding value for the M
wave, reflecting excitable muscle fibre mass, was
2%. In normal subjects below the age of 60 years
there is no loss of functioning motor units (Camp-
bell et al., 1973; Ballantyne and Hansen, 1974,

see also Tomlinson and Irving, 1977). In spite of
the evidence of progressive deterioration in neuro-
muscular function in our sample of 10 patients,
the pooled results failed to show an inverse cor-
relation between age and number of motor units
(see also Ballantyne and Hansen, 1974, and
Panayiotopoulos and Scarpalezos, 1976). The
reason for this rather unexpected result is that
there is a marked variability in the severity of the
disease within the population because of the exist-
ence of "anticipation" (see below). The relation-
ship which we had previously noted between age
and motor unit number (McComas et al., 1971a)
was evidently fortuitous since it has disappeared
with the examination of many additional cases of
myotonic dystrophy.

ANTICIPATION
The deterioration in muscle function with advanc-
ing age is crucial for an analysis of the present
results in relation to the phenomenon of anticipa-
tion. The latter term has been used to describe the
more severe phenotypic expression of a genetic
trait in succeeding generations. Penrose (1948)
has argued that a number of statistical artefacts
can lead to the impression of anticipation. These
include the likelihood of only mildy affected cases
becoming parents, the selection of severely affected
children for study, and the possibility that some
children, who will develop the clinical manifesta-
tions of myotonic dystrophy at a later age, may
be mistakenly regarded as normal at the time of
study. Although these are important factors it
would still appear possible to overcome the diffi-
culties which they present for a satisfactory genetic
analysis of myotonic dystrophy. Thus, in relation
to the first point, one would expect equal inci-
dences of mildly and severely affected cases in
children born to mildly affected parents, were
anticipation not to occur. In relation to the
second point, the attention given to the families of
severely affected children should be balanced by
that directed to the offspring of any severely
affected adults presenting for diagnosis. Finally, if
any mildly affected children were missed at the
time of pedigree study, the incidence of dystrophy
in their generation should be less than the value
of 50% expected for a condition inherited by an
autosomal dominant gene. In relation to the last
point it has 'been possible to demonstrate EMG
evidence of myotonic dystrophy in 31 out of 52
children born to 19 affected parents. Since this
incidence, 60%, is actually larger than that pre-
dicted it is unlikely that any mildly affected cases
were missed in the second generation.
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This study has differed from previous investiga-
tions of anticipation in using objective measure-
ments of neuromuscular involvement rather than
the age of onset of symptoms as a basis for com-
parison. It was found that the numbers of func-
tioning motor units were usually lower and the
M waves were frequently smaller, in members of
the second generation. This difference between the
two generations was statistically significant in the
case of EDB motor units, and became significant
for the remaining comparisons when the predicted
deterioration of neuromuscular function with age
was taken into account for members of the second
generation. Their predicted values of neuro-
muscular function were made on the basis of serial
observations on 10 patients; in these subjects, the
average loss of motor units per annum was about
3% of the respective control mean. In a pedigree
analysis, however, it is necessary to consider the
anticipated loss in terms of the initial value for a
patient. This decline amounted to 23% of the
starting value over an average period of observa-
tion of 44 months. Assuming that the decline
continued and was exponential, it would have
amounted to about 86% over the average time
interval separating the two generations in the
pedigree study (27.3 years). Making reasonable
allowances for error in the serial study, one may
assume that the motor unit numbers of the second
generation would have declined by at least 70%
when these patients had attained the present ages
of their respective parents. At that time 92% of
the motor unit counts would be lower in the
second generation while the corresponding value
for the M wave amplitudes would be even higher
(97%). As stated earlier, the greater incidence of
abnormalities in the second generation would then
be statistically significant for motor unit numbers
and M wave amplitudes in all three types of
muscle examined. This finding demonstrates con-
clusively that neuromuscular function does indeed
deteriorate in succeeding generations. Does it
overcome one of the objections raised by Penrose
(1948)-namely, that only mildly affected persons
can become parents whereas mildly and severely
affected cases might occur among their offspring?
In order to test the contribution of this factor to
the present results it is necessary to assume that,
on a chance basis, there would be as many severely
affected as mildly affected cases in the second
generation. Taking the simplest case, suppose that
a mildly affected patient has two children with
myotonic dystrophy, one mildly and the other
severely affected. We would expect that, whereas
each neuromuscular parameter compared would

be worse in the severely affected child than in the
parent, there would be a 50% chance of this being
the case when the mildly affected child was con-
sidered. Thus, for every two sets of results, the
ratio of probabilities that the parent would have
the worse values would be:

0.5: (0.5+1.0)
=1 :3

We should, therefore, expect that the children
would be more severely involved in 75% of the
comparisons made between the two generations.
However, this high proportion is still significantly
less than the observed incidences of 92 and 97%
for the numbers of units and M wave amplitudes
respectively (see Table 5). Even if the predicted
deterioration in the second generation were 60%,
rather than the value of 70% used in these calcu-
lations, the results for the M waves would remain
significantly different from those to be expected on
the basis of Penrose's argument.
The conclusion from this part of the study is

that anticipation is a true phenomenon of myotonic
dystrophy and cannot be accounted for solely in
terms of the biasing factors discussed by Penrose
(1948). Penrose himself felt that there was still
sufficient evidence in his own data to support the
concept of anticipation, and he explained the
latter in terms of a modifying action exerted by a
gene allelic to the one responsible for myotonic
dystrophy. Thus, a parent with a protective allele
would have a milder form of the disease than an
affected child who would have inherited the
dominant gene for dystrophy without the allele.
If the modifying allele had a high incidence in the
general population, a requirement of Penrose's
hypothesis, one would expect that in some families
mildly affected children would appear through the
inheritance of the modifying gene from the non-
dystrophic parent. Our results suggest that this
was not the case. Further, although one might
explain the difference in the severity of the disease
between two generations it is difficult to explain
the still greater severity of the disease in a third
generation on the basis of a modifying allele. A
comprehensive scheme for the genetics of myo-
tonic dystrophy must also include an explanation
for the remarkable observation of Harper and
Dyken (1972) that the affected parent of a child
born with manifest myotonic dystrophy is almost
invariably the mother. This association was also
found to be true for the four cases with neonatal
onset considered in the present study. However, a
less dramatic anticipation effect could also be ob-
served in four of the five families in which the
father suffered from myotonic dystrophy. In
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passing, it should be noted that our data are
incompatible with the view of Bundey and Carter
(1972) that there are several genes which may
cause myotonic dystrophy, with the implication
that individual families have either mild, inter-
mediate, or severe forms of the disease. While we
cannot offer an explanation for anticipation, the
case for the reality of this phenomenon now seems
sufficiently strong to demand further attention
from geneticists. Further, it follows from the
existence of anticipation that the disease will tend
to disappear in individual families since ultimately
the cases in later generations will be so severely
affected as to be incapable of marrying and having
children of their own. Under these circumstances,
the gene frequency within the population can only
be maintained by fresh mutations. Although muta-
tions are said not to occur in myotonic dystrophy,
we have encountered one family in which detailed
testing failed to reveal the existence of myotonic
dystrophy in an earlier generation.

NEONATAL MYOTONIC DYSTROPHY
The final aspect of this study concerns neuro-
muscular function in the two premature infants
with severe weakness. While our control obser-
vations are limited, both of these infants had
motor unit populations which were very much
smaller than those encountered in similarly prema-
ture infants without neurological disease. One
of the two mothers commented that she had not
felt the movements of her dystrophic fetus until
she was five and a half months pregnant, com-
pared with the (normal) time of four months for
her unaffected earlier child. In the child in whom
motor unit counts were repeated eight weeks later,
the number of functioning motor units had in-
creased threefold in EDB and fivefold in the
thenar muscle group; the maximum M waves
exhibited three and tenfold increases respectively.
In this child, the EMG evidence of improvement
was associated with a steady gain in strength such
that the infant was able to leave hospital and
achieve almost normal physical development in
the following months (see Results). This tendency
to improve in strength is true of most myotonic
infants provided the initial difficulties with respira-
tion and feeding can be surmounted. It is also
relevant that Sarnat and Silbert (1976), studying
muscle obtained by biopsy or at necropsy, found
evidence consistent with an arrest in fetal muscle
maturation (see also Karpati et al., 1973; Karpati
and Carpenter, 1976). Although Sarnat and Silbert
noted the resemblance of the immature muscle
fibres to those persisting in rats after denervation

in the newborn period (Engel and Karpati, 1968),
they preferred to interpret the situation not in
terms of faulty motor innervation, as we do, but
rather as being due to "unresponsiveness of an
abnormal sarcolemma to trophic influences of
normal innervation." In passing, it is of some
interest that fibrillations were recorded in one of
the muscles examined even though EMG evi-
dence of myotonia could not be elicited. It would
appear that a denervated, presumably immature,
muscle fibre may not be capable of myotonic
activity even though it possesses a mechanism
capable of initiating and propagating spontaneous
action potentials. The absence of myotonia in very
young myotonic infants has been noted previously
(Karpati et al., 1973).

ROLE OF MOTONEURONE DYSFUNCTION IN
PATHOGENESIS OF MYOTONIC DYSTROPHY
When our observations in premature infants are
combined with those in adults, it becomes easier
to understand the events involved in the patho-
genesis of myotonic dystrophy. We postulate that
in this disorder there is a delay in the innervation
of skeletal muscles during fetal development and
that this, in the more extreme cases, is responsible
for the severe weakness of some infants at birth.
The subsequent improvement in such cases is due
to a continuation of the innervation process in
the first weeks after birth. It seems quite possible,
however, that the later "health" of the muscle
fibres may have been compromised as a result of
the absence of a neural influence at a critical
stage of embryonic development. Despite the con-
tinuation of the innervating mechanism into the
neonatal period, many muscles will have failed to
achieve their full complement of motor units when
the process is eventually halted; this is responsible
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Fig. 6 Time-course of muscle innervation contrasted
in a normal individual and in a patient with neonatal
myotonic dystrophy; times measured from conception
(arrow, a). Note that innervation commences later in
dystrophic patient, is incomplete at premature birth
(arrow, b), and is still improving at end of normal
gestation period (arrow, c). See text.
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for the reduced motor unit counts observed in
older children and in adults (Fig. 6). However,
since an almost full population of motor axons
will have grown out to the muscle during develop-
ment there is always the possibility that some of
the dormant axons will establish temporarily
effective synaptic connections with muscle fibres.
This occurrence is responsible for the fluctuations
in motor unit number and in M wave amplitude
observed in a minority of the patients.
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