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SOME BIOCHEMICAL ASPECTS OF
THE MYOPATHIES

B. P. HUGHES, B.Sc., Ph.D.
Department of Chemical Pathology, The National Hospital, Queen Square, W.C.I.

SEVERAL general accounts of the biochemistry
of the myopathies have recently appeared
(e.g. Dreyfus and Schapira, 1962; Schapira and
Dreyfus, 1963; Pennington, 1964). Consequently
this article will not attempt a comprehensive
review of the subject but will rather treat
certain topics in greater detail, especially those
which may have significant practical impli-
cations, for instance the value of serum enzyme
assays. A number of recent developments in
the field will also be mentioned.

Despite the considerable volume of published
work, elucidation of the fundamental bio-
chemical abnormalities which underlie the
degenerative changes seen in the primary
myopathies remains an unsolved problem. A
major difficulty has been to pick out an
abnormality which is a specific accompaniment
of a single disease process, even when it is a
question of distinguishing between a primary
myopathy and a neurogenic muscle disorder.
In this last respect, however, some progress
has resulted from a realisation that the finding
of elevated serum activities of various tissue
enzymes in some types of primary muscle
disease serves to distinguish them fairly sharply
from the secondary myopathies. The distinction
is not always clear-cut, but is sufficiently marked
to be of practical value, in particular for such
purposes as the early diagnosis of Duchenne
muscular dystrophy and for detecting carriers
of the form which is inherited as a sex-linked
recessive characteristic.
Examples of muscle disorders in which there

appear to be specific biochemical changes are
McArdle's syndrome and certain other diseases
of carbohydrate metabolism.
Most of this article will be devoted to a

discussion of these topics, but to provide the
necessary biochemical background it is neces-
sary to deal briefly with some of the less specific
biochemical changes that occur.

Changes in Creatine and Creatinine
Metabolism

It has been realised for more than 50 years
that some muscle disorders are accompanied
by an increased urinary output of creatine

(Levene and Kriszteller, 1909) and a decreased
output of its anhydride creatinine.

It has been shown that creatine is stored
in the muscle as creatine phosphate but is
synthesised elsewhere. Production of creatine
phosphate is mediated by the enzyme creatine-
adenosine triphosphate phosphotransferase, an
enzyme, subsequently referred to by its trivial
name, phosphocreatine kinase, which catalyses
the following reaction:
Creatine + ATP , Creatine phosphate + ADP
the so-called Lohman reaction (Lohman, 1934).
Creatine is formed by the breakdown, probably
spontaneous, of creatine phosphate. When
muscle degeneration occurs, capacity to store
creatine as the phosphate is reduced, whereas
normally the rate of synthesis is maintained.
The resultant creatinaemia provokes a creatin-
uria when the renal threshold of this substance
is exceeded. On the other hand, since creatinine
is formed from creatine phosphate the urinary
output of creatinine falls. Because the creatin-
uria is chiefly a result of reduced muscle mass,
it is a pretty non-specific accompaniment of
muscle wasting and of little help in diagnosis;
thus Van Pilsum and Wolin (1958) found a
marked creatinuria both in pseudohypertrophic
muscular dystrophy and in poliomyelitis.
Before leaving the topic of creatine metabolism
it may be noted that reversibility of the
phosphocreatine kinase reaction provides a
means by which ATP can be resynthesised
from creatine phosphate. As it now seems fairly
certain that ATP breakdown is the source of
chemical energy needed for the functioning
of the contractile system in muscle (e.g. Gergely,
1964) creatine phosphate and phosphocreatine
kinase play an extremely important part in the
supply of energy.
Muscle Enzymes

Because an adequate supply of chemical
energy is essential to the function of muscle,
many investigators have compared the tissue
concentrations of enzymes involved in energy
production in normal and diseased muscle.

Figure 1 indicates schematically the way in
which chemical energy in the form of ATP
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FIG. 1.-Sources of energy in muscle. A schematic
representation of some major pathways for the
production of ATP.

(adenosine triphosphate) is produced, starting
with glycogen.
Glycqgen is a highly branched molecule

formed of glucose residues. The branches
consist, of glucose units joined together in the
1-4 positions (essentially a head-to-tail arrange-
ment of the cyclic form of the glucose molecule).
The branching points are produced by
additional links in the 1-6 positions. The
initial degradation of the structure to glucose
1-phosphate requires two enzymes, phosphory-
lase to attack 1-4 links as far as a branch point,
and the debranching enzyme (amylo-1,6-
glucosidase) to attack the 1-6 links in order
that further phosphorylase action can occur.
As Fig. 1 indicates, glucose itself and fructose
can also enter the pathway of anaerobic
glycolysis (the Emden-Myerhof pathway).
Under conditions of maximal activity

anaerobic breakdown of carbohydrate, i.e.
muscle glycogen, to lactate supplies most of
the energy, but in resting muscle, contrary to
what was once thought to be the case, it seems
likely that aerobic oxidation of fatty acids or
lipids meets a good deal of the tissue energy
requirements (e.g. Andres, Cader and Zierler,
1956; Fritz, Davis, Holtrop and Dundee, 1958;
Bass and Hudlicka, 1964).

If carbohydrate is fully oxidised much more
ATP is produced per glucose residue than if
metabolism is terminated at the pyruvate stage;

thus on complete oxidation of a glucose residue
38 molecules of ATP are produced, whereas
if the process stops at pyruvate only 2 molecules
are formed (Slater, 1960). The aerobic process
is thus energetically much more efficient, but
may be limited during intense activity by the
rate at which oxygen can be transferred to the
site of ATP synthesis. Aerobic metabolism
of carbohydrate and fatty acid requires the
participation of the mitochondrion, in particular
the mitochondrial electron transport system,
and terminates in reaction with oxygen trans-
ported within the cell by myoglobin. Because
of its greater efficiency, in muscles whose
function is sustained moderate activity rather
than short intense activity, the aerobic process
predominates, whereas in short activity muscle
the anaerobic phase may be more important.
This is reflected in the increased numbers of
mitochondria and increased concentration of
oxidative enzymes in the former. In animals
such as the rabbit, the different types of muscle,
red and white, are clearly differentiated,
although the difference is really a statistical
one depending on the relative amounts of
mitochondria-rich red fibres, and white fibres,
poor in mitochondria but rich in enzymes such
as phosphorylase (Stein and Padykula, 1962).
In man the difference between muscles is less
obvious, but the existence of the two fibre
types has been demonstrated histochemically
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(Dubowitz and Pearce, 1960) and it is possible
that their reactions to disease may be somewhat
different, since in muscular dystrophy the fibres
rich in oxidative enzymes tend to atrophy and
the phosphorylase-rich fibres tend to be hyper-
trophied (Dubowitz and Pearce, 1961).
The capability of muscle to supply its energy

requirements from anaerobic carbohydrate
breakdown is one of its special biochemical
features, so that the enzymes of the anaerobic
phase of carbohydrate metabolism in normal
and diseased muscle have received considerable
attention, notably from Dreyfus, Schapira and
their collaborators (e.g. Dreyfus, Schapira,
Schapira and Demos, 1956). Other studies
which may be cited are those of Vignos and
Lefkowitz (1959), Ronzoni, Berg and Landau
(1960) and the more recent extensive inves-
tigation of Heyck, Laudahn and Liiders (1963).

Before discussing the results of these
investigations it must be pointed out that certain
difficulties of interpretation beset measurements
of tissue enzyme concentration if we want to
know anything about the composition of the
actual muscle. In muscle disease an increase,
relative or absolute, in the concentration of
connective tissue and fat frequently occurs and
this would change the overall tissue com-
position even if the remaining muscle were
normal, so that a reference base unaffected by
such an increase is needed. Lilienthal, Zierler,
Folk, Buka and Riley (1950) suggested non-
collagen nitrogen as being suitable, and this
suggestion has been widely adopted.
To summarise the results obtained by the

investigators cited above we can say that
several of the glycogenolytic enzymes referred
to non-collagen nitrogen, and also overall
glycolytic activity, are frequently reduced in
primary myopathies perhaps to a third of their
normal value (Dreyfus and Schapira, 1962),
although Ronzoni and others (1960) found that
hexokinase was little affected and that lactate
dehydrogenase was actually increased. This
latter finding is not however supported by the
work of Heyck and others (1963). As to
whether the various myopathies differed in the
pattern of enzyme change accompanying them,
results seem conflicting (c.f. Vignos and
Lefkowitz, 1959 and Heyck and others, 1963).
A possible source of confusion may have been
the use of different clinical classifications.
Besides being unable to differentiate clearly
between the various primary myopathies the
results of these investigations do not provide
any clear distinction even between primary
and secondary myopathies.

Enzymes of oxidative metabolism
Investigation of the enzymes of the oxidative

phase of metabolism e.g. succinate dehydro-
genase, cytochrome oxidase, have revealed little
or no change, when analyses have been referred
to non-collagen nitrogen (Dreyfus and Schapira,
1962). This is rather surprising in view of the
fact that electron microscope studies (e.g. Van
Breemen, 1960; Pearce, 1963), have shown
considerable mitochondrial abnormality and
destruction, and many of the oxidative enzymes
are considered to be located within the
mitochondria.

Isoenzymes in muscle disease
Isoenzymes are different proteins which have

similar, but not necessarily identical, enzymic
activity. In muscle disease most attention has
so far centred around the lactate dehydrogenase
isoenzymes which may be readily separated by
electrophoresis, on agar for example (Wieme,
1959), and which may also be distinguished by
differences in their enzymic behaviour
(Plummer, Elliott, Cooke and Wilkinson, 1963;
Dawson, Goodfriend and Kaplan, 1964). In
normal human skeletal muscle 5 isoenzymes can
be distinguished which are referred to as
LDH1-5 in order of decreasing anodic
mobility. In some mature muscles at least the
slow moving isoenzymes usually predominate,
whereas in human foetal muscle and in animal
red muscle chiefly the fast moving enzymes
are found. Various authors (e.g. Dreyfus, De-
mos, Schapira and Schapira, 1962; Lauryssens,
Lauryssens and Zondag, 1964) have found that
the electrophoretic pattern of isoenzymes from
patients with Duchenne muscular dystrophy
resembles that of the foetus, and recently
Emery (1964) has reported loss of slow-moving
isoenzymes in female carriers of the disease.
Dreyfus and others (1962) suggested that this
indicates a failure of maturation. However
other workers (Lauryssens and others, 1963;
Brody, 1964) have found similar abnormalities
in human neurogenic atrophy as well as in
primary muscle disease, and Brody (1964) has
demonstrated a progressive change following
experimental denervation in the guinea pig.
Dawson and others (1964) by a different
technique have also shown similar changes
following denervation in the rabbit. At the
moment, therefore, it seems likely that the
change is a largely non-specific reaction of the
tissue to metabolic or functional disturbance,
and according to some authors (Lauryssens and
others, 1963; Dawson and others, 1964) may
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reflect a decline in anaerobic glycolysis. How-
ever this field of investigation is now very
active and the question cannot be regarded
as settled.

It is worth noting that comparison of normal
and diseased human muscle must be interpreted
with caution since Dawson and others (1964)
have shown considerable differences between
normal muscles in their content of the various
types of lactate dehydrogenase.
Other Abnormalities

In addition to the topics mentioned above
numerous other biochemical abnormalities have
been described in diseased muscle, some per-
haps of very considerable importance for
understanding the degenerative process, an
example 'being the marked increase of various
hydrolytic enzymes. Nevertheless since many
of these are discussed in the reviews cited
already, they will not be considered further.
However one recent observation of considerable
interest has been described by Watts and
Hooton (1965) who found that a purified
phosphocreatine kinase derived from dystrophic
mice, despite having the same electrophoretic
properties as the enzyme from normal animals,
was only half as active. Phosphocreatine kinase
possesses two sulphydryl groups (-SH) in the
molecule which are concerned with activity
and, as a possible explanation for their results,
these authors suggested that one of the -SH
groups might be inactivated in vivo. Since a
number of enzymes, including myosin ATPase,
require intact sulphydryl groups for activity,
any increased tendency towards SH inactivation
might have profound metabolic consequences,
and it will be of great interest to see if future
work confirms such a possibility in the mouse
disease and in human myopathies.
Familial Periodic Paralysis
Recent accounts of the biochemical changes

found in both hypo-and hyperkalemic familial
periodic paralysis have been given by McArdle
(1964) and by Pearson (1964), so that these
biochemically interesting conditions will not
be discussed here.

Defects of Muscle Glycogen Metabolism
Myophosphorylase deficiency
(McArdle's syndrome)
McArdle (1951) reported the case of a man,

aged 30, who since childhood had suffered
muscle pain, weakness and stiffness brought
on by slight exercise. On investigation no rise
in blood lactate or pyruvate following exercise

could be detected, particularly after ischaemic
exercise of the forearm muscles, when a 3 to
4-fold rise is normal. Several other cases with
similar but not identical, clinical and bio-
chemical signs have been described (Schmid
and Mahler, 1959; Mommaerts, Illingworth,
Pearson, Guillory and Seraydarian, 1959;
Schmid and Hamaker, 1961; Mellick, Mahler
and Hughes, 1962; Thomson, McLaurin and
Prinias, 1963; Rowland, Fahn and Schottland,
1963; Hockaday, Downey and Mottram, 1964).
Additional features in some cases were
myoglobinuria after excercise (Schmid and
Mahler, 1959; Schmid and Hamaker, 1961;
Rowland and others, 1963), and the late
development of a limb girdle myopathy (Schmid
and Mahler, 1959; Schmid and Hamaker, 1961).
In all individuals who were tested for this
enzyme, there was a severe myophosphorylase
deficiency, possibly a complete absence in the
majority, as shown by various techniques e.g.
biochemical, histochemical and immunological.
In addition to phosphorylase deficiency most
patients had excessive amounts of glycogen in
their muscles.
The phosphorylase deficiency appeared to be

confined to muscle so that for example, epine-
phrine injection provoked the expected rise
in blood sugar indicating the presence of hepatic
phosphorylase and normal mobilization of liver
glycogen. Reference to Fig. 1 shows that
phosphorylase together with the debranching
enzyme brings about the initial stage of
glycogenolysis, so that its absence blocks the
process and interferes with energy production
from anaerobic glycolysis. Utilization of glucose
(or fructose) and fatty acids is unaffected, so
that slight or moderate muscular activity can
be sustained by glucose or fatty acids extracted
from the blood; consequently many of these
patients were able to walk slowly on level
ground without restriction. Fast walking or
running however was soon halted by severe
discomfort and weakness. Excercise capabilities
varied somewhat from patient to patient (c.f.
Mommaerts and others, 1969; Schmid and
Mahler, 1959) and for the same patient from
day to day (McArdle, 1951; Mellick and others,
1962). This variability may possibly reflect
differences in the efficiency with which blood
sugar and fatty acids are utilized. In this
connection it has been found that a short-term
improvement in excercise tolerance can be
achieved by inducing hyperglycaemia by, for
example, oral or intravenous glucose and
intravenous glucagon (Schmid and Mahler,
1959; Schmid and Hamaker, 1961; Mellick
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and others, 1962). Oral fructose may also have
similar affect (Mellick and others, 1962;
Thomson and others, 1963) but although it can
directly enter the glycolytic pathway (Fig. 1) its
precise mode of action is a matter of discussion
(Opie, Evans and Renold, 1962; Wolf, 1962).
Despite the theoretical possibility of resultant
increased glycogen deposition in the muscle it
has been proposed that patients should take
oral fructose prior to unavoidable exertion
(Mellick and others, 1962; McArdle, 1964),
but this does not always seem to be effective
(Hockaday and others, 1964).
The demonstration of the presence of

excessive glycogen in conjunction with low or
absent phosphorylase has important biochemical
implications. Originally the phosphorylase
reaction was considered to be reversible, and
could therefore participate both in glycogen
synthesis and breakdown. Although under the
conditions used for assaying the enzyme in vitro
this is true (e.g. Sutherland and Wosilait, 1956),
under physiological circumstances, glycogen
synthesis is thought to take place by an irrever-
sible process whereby glucose-l-phosphate and
uridine triphosphate are converted to uridine
diphosphate glucose and thence to glycogen,
and which was first demonstrated by Leloir
and Cardini (1957). It was later shown to occur
in mammalian muscle by Robbins, Traut and
Lipmann (1959). As various authors have
pointed out (e.g. Lamer and Villar-Palasi, 1959;
Mommaerts and others, 1959) the excess
glycogen usually present in McArdle's syndrome
provides the strongest evidence for the inde-
pendence of muscle glycogen synthesis and
breakdown in man.
Although in some cases muscle phosphory-lase seems to be entirely absent this may not

always be so, thus in the case reported by
Hockaday and others (1964) some inorganic
phosphate was liberated when muscle homo-
genates were incubated with glucose-l-phos-phate although much less than normal. Engel,Eyerman and Williams (1963) report two cases,
brother and sister, with late development of
symptoms and normal muscle glycogen in whom
phosphorylase deficiency was complete in one
individual but only partial in the other.

Other diseases of glycogen metabolism
Besides phosphorylase deficiency, other rare

defects in glycogen metabolism have been re-
ported, but only in some is muscle affected.
These reports have been reviewed by Stetten
and Stetten (1960) and also, for example, byRowland and others (1963).

Before leaving the subject of the glycogen
diseases it is worth noting that the simple
measurement of venous lactate rise after
ischaemic exercise of the forearm will usually
yield valuable information for diagnostic pur-
poses, and the finding of a normal result often
helps to exclude the existence of a defect in
anaerobic glycolysis which may sometimes
be suggested by the clinical picture. Additional
information as to whether any abnormality re-
vealed in this way, is confined to muscle or is
more general, can be obtained by testing the
blood sugar response to epinephrine or
glucagon.

Other rare specific enzyme abnormalities in
muscle will doubtless come to light, but whether
defects of this nature, not of course necessarilyin the sphere of carbohydrate metabolism, will
eventually be found in the more common myo-pathies cannot be foreseen. However, the exist-
ence of disorders such as the one just described
lends some encouragement to the search.

Serum Enzymes
Sibley and Lehninger (1949) whilst carrying

out a survey of serum aldolase levels in animal
tissues noted that high serum levels were ob-
served in two patients with progressive muscular
dystrophy. This observation was later followed
up by various authors (e.g. Dreyfus, Schapiraand Schapira, 1958) who showed that besides
aldolase, enzymes such as lactate dehydro-
genase, LDH, aspartate aminotransferase, AspT(formerly GOT), alanine aminotransferase,
AIT (formerly GPT) and a number of others
were also often raised in muscular dystrophyand in the myosites, particularly acute derma-
tomyositis. By contrast in conditions involvingneurogenic atrophy, even when rapid as in
poliomyelitis, serum enzyme levels were normal
or only transiently raised (Evans and Baker,
1957; White, 1959). Comparison of results
for different enzymes indicated that serum aldo-
lase levels were most consistently raised in
primary muscle disease. The proportion of
cases in whom abnormal levels were found
varied according to their clinical classification,
so that, for example, Thomson, Leyburn and
Walton (1960) showed that all patients with
muscular dystrophy of the Duchenne type with
a sex-linked recessive mode of inheritance, ex-
cept very advanced cases had grossly abnormal
serum aldolase levels, whereas the proportion
was smaller in limb-girdle cases and least of
all in the facio-scapulo-humeral form; in myo-tonic dystrophy, serum levels were not always
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raised. Chung, Morton and Peters (1960) re-
ported similar findings.
Of considerable interest was the observation

of Thompson and others (1960) that in
Duchenne muscular dystrophy the degree of
aldolasemia diminished with age or duration
of symptoms, and in advanced cases reached
normal or near normal values. Although the
evidence was less convincing, the same appeared
to be true for the facio-scapulo-humeral form
and for dystrophia myotonica, but for the limb-
girdle form no such relationship between dura-
tion of symptoms and degree of aldolasemia
existed.
An important advance in this field was made

possible by the observation of Ebashi, Toyo-
kura, Momoi and Sugita (1959) that serum
phosphocreatine kinase levels were also greatly
raised in muscular dystrophy patients. Results
obtained by later workers (e.g. Dreyfus,
Schapira and Demos, 1960; Hughes, 1962) fully
confirmed this finding, and it has become ap-
parent that there are certain advantages in using
phosphocreatine kinase for the study of muscle
disease. Firstly it is found to be a more
sensitive index of muscle disease even than
aldolase and it is also more specific. Thus,
because it does not occur to any appreciableextent in liver, serum levels are not raised in
liver disease, whereas aldolase may be grosslyabnormal. A more important practical ad-
vantage follows from the fact that in man but
not in some other species, the erythrocytescontain extremely little phosphocreatine kinase
(Solvonuk, McRae and Collier, 1956) so that
assays of activity in haemolysed specimens are
possible in circumstances when aldolase values
would be valueless. Data illustrating these
points are given in Table 1.

Because of these advantages it is proposed to
discuss serum enzyme findings in muscle disease
chiefly in terms of phosphocreatine kinase, al-
though whether phosphocreatine kinase is al-
ways the enzyme of choice may still be opento doubt. First however we must consider
normal levels.

Normal individuals
Hughes (1962) reported that there was a

statistically significant difference between the
mean serum activities for normal men andwomen. This difference has not however been
substantiated by other authors. Thus althoughGriffiths (1964) reports a rather higher mean
activity for male children and adults, as com-pared with females, the differences were smallerand not statistically significant. Pearce, Pen-

TABLE 1
*ALDOLASE AND PHOSPHOCREATINE KINASE (PCK)
IN HAEMOLYSED SERUM FROM NORMAL INDIVIDUALS
AND IN SERUM FROM PATIENTS WITH NON-MUSCULAR

DISORDERS.
Sex PCK Aldolase

(I.U./litre) (DHA units)
Infective hepatitis M 15.0 22.0
Obstructive jaundice M 26.7 48.0
Aspirin poisoning F 40.0 58.8
Normal (haemolysed serum) F 20.1 46.0
Normal (haemolysed serum) F 18.4 52.5
Units and normal ranges (x ± 2a)
Phosphocreatine kinase (PC0K):

Units: International Units/litre of serum at 37°
1 International Unit (I.U.) = 1 / mole creatine
liberated/min.
1 A mole/ml./hr. = 16.7 I.U./litre
Ranges: Males 10-67; Females 10-44

Aldolase:
Units: Dihydroxyacetone (DHA) units per
ml. of serum (Friedman and Lapan, 1958)

Range: Both sexes 4.0-21.0
* Data recalculated from Hughes (1963b)

nington and Walton (1964a) in a smaller series
again found no significant sex-difference. The
mean values for women found by all these three
authors, 1.5-1.7 pM/ml./hr. (25-28 I.U./litre),
were however in good agreement and the some-
what higher value for males found by Hughes
(1962), even if confirmed, would seldom be
of much practical significance.
The authors quoted above were all using

very similar technical methods for assaying the
enzyme; other workers (e.g. Colombo, Rich-
terich and Rossi, 1962; Fowler and Pearson,
1964) have used different techniques so that
comparison of absolute values is not possible.
However relative values found in normal sub-
jects and in patients suffering from various
forms of muscle disease can be comparedunless the comparisons are vitiated by the low
sensitivity of the method employed. Fowler
and Pearson (1964) admit that this may have
been the case in connection with some of their
earlier observations.

Various authors have reported increased
serum levels of a number of enzymes followingexercise (e.g. Schlang, 1961; Halonen and Kont-
tinen, 1962) the rise being greater in untrained
as compared with trained subjects (Fowler,
Chowdbury, Pearson, Gardner and Bratton,
1962). If a substantial rise occurs after moder-
ate exercise then obviously care needs to be
taken when interpreting results obtained on
uncontrolled subjects. Richterich, Rosin, Aebi
and Rossi (1963) have reported that a marked
rise of phosphocreatine kinase may also occur
after exercise, but Hughes (1963a) and Pearce
and others (1964a) were unable to demonstrate
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any increase after a relatively short period of
vigorous exercise. However Hughes (1963a)
suggested that prolonged periods of vigorous
exercise might produce a moderate rise and
also that apparently normal subjects may some-
times exhibit serum activities above the limit
of normal. Except when the assay is being
used for the detection of carriers of the sex-
linked recessive form of muscular dystrophy
it seems unlikely that these considerations will
be of much practical importance.
Duchenne muscular dystrophy
The term Duchenne muscular dystrophy re-

fers both to the type with the sex-linked re-
cessive mode of inheritance and the usually
rather more benign form, thought to be in-
herited as an autosomal recessive trait
(Dubowitz, 1960; Walton, 1962).

In this form of the disease an extremely high
percentage of patients show grossly elevated
serum phosphocreatine kinase activities which
in young patients may be more than 100 times
the upper limit of normal (e.g. Dreyfus and
Schapira, 1962; Hughes, 1963b; Pearce, Walton
and Pennington, 1964b). Moreover in a
number of cases elevated values have been ob-
served in children before clinical signs of muscle
disease had become apparent (Fowler and
Pearson, 1964). The serum level falls as the
disease progresses (Hughes, 1963b; Pearson and
others, 1964) in a similar manner to that which
had been demonstrated earlier for serum aldo-
lase (Thomson and others (1960) but remains
raised even in advanced cases. Data obtained
by the present author are shown in Figure 2.

Limb-girdle muscular dystrophy
In this form of muscular dystrophy the in-

crease in serum enzyme levels is usually much
less marked and while serum aldolase and
phosphocreatine kinase are often elevated,
normal values are also frequently found
(Hughes, 1962; Pearce and others, 1964b), al-
though serum phosphocreatine kinase seems to
be raised more often. It is worth mentioninghowever that the author has observed a serum
phosphocreatine kinase of 5050 I.U./l in a boyof 15 diagnosed as suffering from limb-girdledystrophy but who was only slightly affected
clinically. His more severely affected elder
sister, aged 23, had a serum enzyme activityof 362 units, a value much more typical of a
limb-girdle case. Pearce and others (1964b)have also reported an unusually high value for
a limb-girdle patient, aged 19 years, with a four
year history, of 99.0 ptM./ml./hr. (1650 I.U./
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FIG. 2.-The relation between age and serum phos-
phocreatine kinase in Duchenne muscular dys-
trophy. Serum enzyme activities in 55 patientswith Duchenne muscular dystrophy and in three
suspected patients with absent or minimal clinical
signs.

--Affected males
A-Affected females
--Males with absent or minimal signs.

litre). The value of 5050 units is within the
expected range for a typical young Duchenne
patient, so that there may be more of an over-
lap between the two forms of muscular dys-
trophy as far as serum enzymes are concerned
than is generally appreciated. A possible
alternative explanation is that these cases were
really comparatively benign examples of
Duchenne muscular dystrophy with autosomal
recessive inheritance.
No clear cut relationship seems to exist be-

tween age or duration of symptoms and the
degree of enzyme elevation in limb-girdledystrophy, at least for aldolase (Thomson and
others, 1960) but possibly this is related to the
more variable course of the disease and the
existence of periods of apparent clinical arrest
(Walton, 1964). Whether or not the observed
enzyme activity gives an indication of prognosis,
or perhaps of rate of progression at the time of
assay, does not appear to have been investigated.

Facio-scapulo-humeral muscular dystrophy
Slight to moderate elevations of serum phos-phocreatine kinase occur in the majority of

cases, but again normal values are sometimes
found (Pearce and others, 1964b).
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Dystrophia myotonica
Markedly raised levels of serum phospho-

creatine kinase are seldom observed but a slight
to moderate degree of elevation is frequently
seen. Thus Pearce and others (1964b) report
abnormal values in 4 out of 7 cases and I
have found the same in 4 out of 8 patients.
The proportion of patients showing abnormal

values of serum phosphocreatine kinase may
be greater than is found for other enzymes.
Thus Thomson and others (1960) found only
2 out of 12 cases who showed a serum aldolase
above the upper limit of normal.

Ocular myopathy
There appears to be little information about

serum enzyme levels in this disorder. However,
in serum examined in our laboratory from
patients diagnosed as suffering from this con-
dition, slight to moderate elevation was found
in 4 out of 7 specimens.
Polymyositis and dermatomyositis
There are conflicting reports on the frequency

with which raised serum values of phospho-
creatine kinase are found in patients with
various forms of polymyositis and dermatomy-
ositis. Thus Pearce and others (1964b) find
that the level is raised so infrequently in adults
as to be of no diagnostic value. However
Hughes (1962) has reported very high levels
for phosphocreatine kinase and aldolase in
two cases and Richterich and others (1963)
claim that activities of as much as 500 times
the upper limit of normal are encountered.
Recently the author has observed a value of
17000 I.U./1. in a case of dermatomyositis which
following steroid therapy fell to 28.5 units,
i.e., well within normal limits (Table 1); and in
a chronic case with a 4-year history who im-
proved on treatment the enzyme level fell from
just above normal limits in the pre-treatment
period to a level again well within normal limits
afterwards. Fowler and Pearson (1964) have
presented data on successive serum phospho-
creatine kinase estimations during the course
of treatment and showed a progressive fall to
normal limits. Pearson (1964) comments that
both aldolase and creatine kinase are sensitive
indicators of the disease process in acute poly-
myositis. Thus although there is no doubt that
serum phosphocreatine kinase may be greatly
elevated in cases of dermatomyositis and poly-
myositis, and in the author's limited experience
some elevation is frequently found, its relative
diagnostic efficiency as compared with, for
example, aldolase, requires further study.

Fortunately as a means of assessing the
effects of treatment it appears likely that any
enzyme whose serum level is initially found
to be raised may be employed. Thus besides
phosphocreatine kinase, serum AspT (de
Moragas, Parry and Fleicher, 1957) and
aldolase (Thompson and Vignos, 1959; Gautier
and Richterich, 1963) have been shown to
decline towards normal values when therapy is
attended by clinical improvement, although
improvement in muscle strength may follow
normalization of the serum enzyme picture only
after an interval of 3 to 4 weeks and likewise
a subsequent rise may anticipate a clinical
relapse by some weeks (Pearson, 1964).
Thyroid disease
Various workers (e.g. Griffiths, 1963; Saito,

Hibi, Kawazura and Fukuyama, 1963) have
reported that serum phosphocreatine kinase is
frequently elevated in hypothyroidism and
returns to normal following replacement therapy(Saito and others, 1963). This is of some interest
as myopathic symptoms may be associated
with myxoedema (McArdle, 1964). Whether
or not serum enzyme abnormalities are com-
monly found in hyperthyroid conditions does
not appear to have been systematically studied.
Unpublished observations of the author's
indicate however that normal values may be
observed in acute thyrotoxicosis with marked
weakness, but are too few to permit any
generalization.
Neurogenic muscular atrophy

Raised levels of serum enzymes, such as
aldolase and the transaminases, are seldom a
feature of disorders in which muscle weakness
or wasting is secondary to a neurogenic lesion
(see for example Evans and Baker, 1957;
Dreyfus, Schapira and Schapira, 1958). Hughes(1963b) and Pearson and others (1964b) have
shown that the same is true of phosphocreatinekinase. However it should be noted that the
distinction between primary and secondarymyopathies in this respect is not absolute.
Hughes (1963b) presented data for three
patients in whom serum phosphocreatine kinase
was raised, in one by a substantial amount,
but in whom histological and other evidence
strongly suggested denervation.

Further experience has confirmed the
impression that there exists a minority of
patients with muscle disorders in whom strongevidence of a neurogenic lesion exists, who
nevertheless show a serum enzyme elevation.
Although no obvious common denominator is
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yet evident most of these patients exhibited
unusual clinical features, whereas enzyme
abnormalities in classical cases of neurogenic
atrophy are rare. Of interest in this connection
is a report by Chung and others (1960) of a
patient with a myopathic electromyogram,
neuropathic biopsy and fibrillation who showed
a definite hyperaldolasemia and was considered
to represent a mixed myopathy and Charcot-
Marie-Tooth disease.
The practical value of serum enzyme

estimations in muscle disease can be summarised
as follows:

(a) They provide a powerful means of early
diagnosis of Duchenne muscular dystrophy
even before clinical signs are apparent and,
because elevations in neurogenic atrophy are
relatively uncommon, allow a fairly certain
differential diagnosis in young children between
this condition and, for example, Werdnig-
Hoffmann's disease. The ability to recognise
early muscular dystrophy by allowing inves-
tigation of the first changes to occur in the
muscle, before they are obscured by the
proliferation of secondary changes, provides
considerable hope that the essential genetic
defect may eventually be uncovered. For this
application, apart from phosphocreatine kinase,
various enzymes are suitable and the choice
can depend largely on convenience, provided
their lower specificity is remembered.

(b) In other primary muscle diseases
although serum enzyme determinations do not
have such a decisive value, nevertheless in
conjunction with the clinical evidence they can
be of considerable help in arriving at a
diagnosis. Whereas phosphocreatine kinase is
probably the most sensitive index of muscle
disease, this may not necessarily be so in the
case of acquired myopathies i.e. the myosites.

(c) Successive enzyme estimations are useful
in assessing the effect of therapy in poly-
myositis and dermatomyositis. Here again the
choice of enzyme may often be one of con-
venience e.g. availability of a laboratory able
to carry out the assay.
Detection of Carriers of the Sex-linked
Duchenne Muscular Dystrophy

In 1960 Chung and others reported that a
small proportion (3 out of 21) of certain
carriers of the sex-linked Duchenne form of
muscular dystrophy showed a raised serum
aldolase activity; carriers of the limb-girdleform were quite normal in this respect.Schapira, Dreyfus, Schapira and Demos (1960)found that both aldolase and phosphocreatine

kinase was raised in a proportion of the mothers
of children with the sex-linked form and that
raised values were found more often in cases
where the family history was positive. Leyburn,
Thomson and Walton (1961), however, were
unable to detect any serum aldolase abnor-
malities in known and possible carriers.

Later work (e.g. Hughes, 1962, 1963a;
Barwick, 1963; Richterich and others, 1963)
confirmed the observation of Schapira and
others (1960) that enzyme abnormalities were
found sufficiently frequently to allow the
detection of many Duchenne carriers by this
means and indicated that phosphocreatine
kinase was the most useful enzyme for the
purpose. Although results obtained in various
laboratories differ somewhat, it appears that
60-80% of certain or probable carriers of the
sex-linked Duchenne muscular dystrophy
exhibit a serum phosphocreatine kinase abnor-
mality, but a minority are quite normal and
cannot be detected in this way. Recently
however Wilson, Evans and Carter (1965) using
a more refined statistical treatment claim to
be able to detect 90% of carriers on the basis
of three separate assays on each individual.
Although as a diagnostic test for the carrier
state the enzyme assay is not completely
successful, taken together with the known mode
of inheritance, a reasonable assessment can be
made of the risk that a female relative, a sister
for example, is a carrier. It must be emphasised
that because healthy individuals may occasion-
ally show a transient rise of serum enzyme
levels above the upper limit of normal, it is
advisable to carry out the test on more than
one occasion when the results are to be used
to assist in genetic counselling (see also Wilson
and others, 1965). Other abnormalities in
addition to those of serum enzymes have been
reported to be present in carriers, thus van den
Bosch (1963) claimed that myopathic electro-
myographic changes could be demonstrated, and
it has recently become clear that histological
changes are sometimes found (Emery, 1963;
Pearson, Fowler and Wright, 1963) and that
occasionally clinical signs may be present
(Emery, 1963). An explanation of these findings
(Emery, 1964a; Pearson and others, 1963) has
been suggested on the basis of the so-called
Lyon hypothesis (Lyon, 1961) of the biologically
inactive X-chromosome.
By combining serum enzyme, histological,

electrophysiological and other methods of
investigation the proportion of carriers who can
be reliably detected may prove to be con-
siderably higher than is at present possible.
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Investigations on carriers of other types of
muscular dystrophy have so far proved negative.
General Considerations Arising From
Serum Enzyme Abnormalities
We have seen earlier that many tissue enzyme

levels are low or normal in both primary and
secondary muscle disease. This is certainly
true of those enzymes most consistently found
to have increased activity in the serum of
myopathic patients. Assuming that the rate
of clearance of a particular enzyme from the
serum is not diminished then an increased
outflow from the cell is indicated, and thus an
increased permeability of the cell membrane,
which seems to be particularly marked in
muscular dystrophy of the Duchenne type and
in acute dermatomyositis. By contrast, in
neurogenic atrophy the permeability increase
is at most slight.
The fact that the serum concentration of

ussue enzymes falls as the disease progresses
correlates quite closely with the amount of
muscle which remains (Thompson and Vignos,
1959), although it is possible that outflow is
also reduced when physical activity becomes
restricted (Thomson, 1962) and that this is an
additional factor.
Two general questions may be asked, firstly

is the loss of tissue enzymes a major cause
of degeneration, and, secondly, does the in-
creased permeability of the cell membrane de-
note that the membrane is the site of the prim-
ary, genetically determined defect? Pennington
(1964) has pointed that although not all the
necessary information is available, the amount
of aldolase lost from the affected muscle per
day is probably only a very small fraction of
the amount present. Consequently, although it
may be a factor it is unlikely that tissue enzyme
loss is, in itself, a major cause of degeneration.
Whether or not a primary membrane defect is
likely to be the ultimate cause of muscle
degeneration in any of the mvoDathies is open
to argument since, as Zierler (1958) has shown,
there is good evidence that disturbance caused
by various factors such as anoxia, glucose lack
and metabolic poisons can cause an increased
outflow of intracellular enzymes. However,
although it may be naive to sutpose that the
serum enzyme findings denote the presence of
a primary membrane defect, the importance
of the various cellular membrane structures,
e.g. the sarcolemma, the sarcoplasmic reticulum
and the mitochondrial membranes, in the light
of recent work on muscle biochemistry, and
on the biochemistry of other cells, is such that

a careful study of their chemical composition
in health and disease and its relation to function
might well throw valuable light on the ultimate
nature of the disease process.
The author is a research fellow of the Muscular

Dystrophy Group of Great Britain to whom he is
indebted for financial support.
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