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ABSTRACT

Studies were carried out on muscle specimens from patients with
various neuromuscular disorders, including malignant hyperthermia car-
riers, in order to determine tne value of muscle tension tests in the
diagnosis of malignant hyperthermia. It was found that when the
results of muscle tension studies were considered together with those
of other tests, this technique facilitated the detection of malignant
hyperthermia carriers. When used alone, however, the study of muscle

tension could not be regarded as infallibly predictive.

Physiotherapeutical investigations showed that chest physiotherapy
may be of great value in treating certain neuromuscular conditions.
In addition, physiotherapy appeared to improve functional activities in
patients with progressive diseases such as spinal muscular atrophy and
peroneal muscular atrophy, despite having no effect on actual muscle

strength.

Several other unexpected but interesting findings emerged, one of
these being the need to devise a more accurate and objective means of

assessing patients with generalized muscular weakness.
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For a number of years, a high level of serum creatine phosphokinase
(CPK) in conjunction with certain histological, histochemical and elec-
tron microscopical findings, had been used as an indication that a pa-
tient might be a Carrier of malignant hyperthermia (MH). A high CPK
level could not, however, be considered as diagnostic, since it occurs
in several disorders other than MVH Likewise, muscile biopsy results
are non-specific and variable, similar pictures being seen in a variety
of neuromuscular diseases. In vitro muscle tension studies using halo-
thane were, therefore, carried out by earlier authors in an attempt to
establish whether this test could be used as a positive means of detect-
ing patients who are carriers of MH Although muscle tension studies
had been in use since 1958 and had yielded encouraging results, work had
been restricted mainly to the reactions of muscle obtained from normal
patients as compared to muscle from patients suspected of being carriers
of VH

Kalcw et al. (1970) showed that muscle from known MH patients was
more sensitive to caffeine than that of normal patients; and increasing
amounts of caffeine had been used in muscle tension studies, to compare
the reactions of muscle from normal and MH-susceptible patients. Never-
theless, the reaction to caffeine of muscle from patients with different
neuromuscular disorders had not been adequately examined. Further re-
search was, therefore, required in order to determine the value of the

caffeine test in screening for MVH

A positive reaction to halothane was recently obtained in the Neuro-
muscular Research Laboratory in Johannesburg in a patient with Parkinson'
disease, who was considered not to be a carrier of WVH This showed the
need for further investigation, to determine the reaction to halothane

L LT

of muscle from patients with various othp uromuscular disorders.

The work presented in this dissertation was undertaken in order to
clarify the value of muscle tension studies in the diagnosis of MH
Prior to commencement of this research, the validity of muscle tension
studies as a specific predictive means of detecting carriers of MH, had
only really been questioned by Bradley et al. (1973). These authors
demonstrated that administration of halothane to muscle of known carriers
of MH, may result in a false negative response. In the present



investigation, results of muscle tension studies (using halothane, caf-
feine and in special cases, succinylcholine as testing media) were con-
sidered in conjunction with histopathologica i (including electron micto-
scopical), electromyographical and clinical findings, to see whether any
distinctive pattern emerged which could indicate predisposition to a
possible M incident. The purpose was also to ascertain whether MH was
more common in one type of neuromuscular disorder than in any other of

those studied.

Physiotherapy is concerned, inter alia, with muscle. .n the past,
physiotherapists have treated the many progressive aid non-progressive
neuromuscular disorders without much thought as what they actually
hoped to achieve. Consequently, clinic:' assess ants and re-examination
of the patients were carried out by the * or in the hope of determining
the value of physiotherapy in these cor1 iC's; and in an attempt to es-
tablish more specifically the role of physiotherapists in the treatment
of patients with certain disorders discussed in this dissertation. Un-
fortunately, the patient sample who could have physiotherapy was inade-
quate; but several interesting and thought-provoking results emerged,

nevertheless.



HISTORICAL REVIEW



SKELETAL MJUSCLE

General structure

The basic unit of skeletal muscle is the muscle fibre, a long, cy-
lindrical structure which ranges from approximately 1 to 40 mm in lengtn
and 10 to 100 ym in diameter. The diameter of the fibre increases with
age and under the influence of strenuous muscular activity. Eacn riore
is surrounded by a delicate, elastic, connective tissue sheath, the
sarcolemma, beneath which numerous elliptical nuclei are situated.

Most of the interior of the muscle fibre is formed by a large number of
threadlike structures known as myofibrils, each of thich measures about
1to 2 un in diameter. These are grouped together into bundles of
fascicles surrounded by perimysial connective tissue. Each myofibril
is further sub-divided into thin actin and thick myosin filaments, as
observed in early studies of the ultrastructure of muscle by Hall et AL
(1946) and Draper and Hodge (1949). The two sets of filaments are
arranged in a double hexagonal array, each thick filament being sur-

rounded by six thin ones (H.E. Huxley, 1953a).

Cross-bridges, which are projections localized on the tnick myosin
filaments (Elliott, 1964), extend towards the actin filaments. Since
there are six thin filaments around each thick one, there are six cross-
bridges leaving each thick filament for every 400A interval or its

length.

The intermyofibriliar space contains aqueous sarcoplasm in which
glycogen granules and various subcellular organelles such as mitochon-
dria, sarcoplasmic reticulum (SR) and the transverse tubular (T-tubular)
system are found. Other structures present include muscle spindles,

blood vessels and nerve endings.

Striations

The characteristic, cross-striated or banded pattern of the myo-
fibril has been attributed to differences in the refractive indexes of
the partially overlapping, interdigitating actin and myosin filaments

(H.E. Huxley, 1956). This repeated pattern of light, isotropic



(I - singly refractlle) and dark, anisotropi (A - birefringent) banas
extends throughout the length of the parallel myofibrils. A dense,
narrow 7 line bisects the | band, and the unit formed by the material
encompassed between two adjacent Z lines, constitutes a sarcomere
(Fig. 1). The thick myosin filaments are confined to, and character-
ize the A band. The thin actin filaments, attached to the Z line of
the | band, extend into the A band, except in a narrow, less dense,
central region known as the H zone (Henson's zone), where only thick
filaments are found. An additional striation, the Mline, is caused
by a slight thickening of the myosin filaments and is observed in the

middle of the H zone.

Chemical composition and properties of the myofibril

The actin and myosin filaments interact unaer the influence of
tropomyosin, troponin and other regulatory proteins to form the basic
contractile mechanism of muscle. Myosin accounts for approximately
% of tne total structural protein content of fibrils, while the
amount of actin in fibrils is estimated as ‘ing only 20% to 25%
(Hanson and Huxley, 1957). "ropomyosin and troponin, which toaether
constitute "native" tropomyosin (Ebashi and Endo, 1968), are distribut-
ed along the actin filaments, and are present in smaller quantities -
abou. 7 and 2%, respectively (Carlson and Wilkie, 1974). Troponin
comprises three different subunits, troponin T (TN-T), troponin | (TN-I
and troponin C (TN-C), and is considered to be the calcium receptor of
muscle (Endo, 1977). The released calcium ion binds with one of the
troponin subunits, TN-C, thus initiating the contractile reaction by
changing the conformational state of the regulatory proteins. Other
myofibrillar protein complexes include: C-protein, part of the thick
filament (Starr and Offer, 1971; Offer, 1972); M-line protein, of
which one component has been snown to be the enzyme creatine phosphoki-
nase (Morimoto and Harrington, 1972; Herasymowych et al ., 1980);
3-actinin, the major component of the Z band (Stromer et al., 1969;
Goll ci a"., 1972), and g-actinin in the I|-band region (Maruyama, 1965)
- the functions of both of which arc as yet unknown.

Sarcoplasmic reticulum and transverse tubular system

An elaborate, membranous structure in the intermyofibrillar sarco-
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Figure 1. Electron micrograph showing the structure of normal

muscle.

(x 10000)



(Key: A - Aband; H- Hzone; | - | band; M- Mline;
Th - thick myosin filament; 7n - thin actin fila-
ment; 71-1 line)



plasm, said to have first been observed by Retzius in the late nine-
teenth century, was later described by SjOstra.id (1956). This struc-
ture can be sub-divided into two components: the SR and the T-tubular
system (Porter and Palade, 1957; Andersson-Cedergren, 1959). These
two structures occupy about 15% of the cell volume (Peachey, 1965).

The R is a continuous network of longitudinally orientated,
membrane-limited tubules of varying sizes, shapes and densities.
These tubules form a complicated lace-like sleeve around the myofibrils
(Porter and Palade, 1957). The SR covers a surface area of approxi-
mately 3,000 - 10,000 cm2 per cm3 of muscle (Peachey, 1965) and is re-
sponsible for the regulation of the sarcoplasmic calcium ion concen-
tration, thereby controlling contraction and relaxation of muscle
(Tonomura, 1973).

The T-tubular system is a system of tubules which traverse around
the myofibrils. The tubules lie primarily in a plane which is trans-
verse w the iong axis of the fibre and SR, although short, longitu-
dinal excursions of T tubules were seen by Andersson-Ceuergren (1959),
H.E. Huxley (196t) and Page (1965). The T system arises as a funnel-
like invagination of the sarcolemma (Peachey, 1968), the lumen of which
forms a functional continuity with the extracellular space, as was
first shown by H.E. Huxley (1964). This was confirmed by Endo (1964),
Franzini-Armstrong and Porter (1964), Eisenberg and Eisenberg (1968)
and Peachey and Schild (1968). It is thought that the T system per-
mits the transmission of an action potential from the cell membrane to
the SR causing calcium ions to be released (Bastian and Nakajima,
1974; Costantin, 1975; Franzini-Armstrong, 1975). This idea is sup-
porued by A.F. Huxiey and Taylor's earlier (1958) experiments, in which
they found that a local contraction of significant magnitude occurred
only when the plasma membrane surface was locally depolarized exactly
at the position of the T system. The T tubules are flanked at regular
intervals by a pair of longitudinal, dilated, terminal cisternae of the
SR forming a complex known as a triad (Porter and Palade, 1957).
ihis triadic junction has the unique property that the gap between the
terminal cisternae and T tubule is nearly or completely bri ged by
evaginations or "feet" from the terminal wall of the R cisternae
(Franzini-Armstrong, 1968; Kelly, 1969). Although this close associ-
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ation exi between the , system and SR, there is no open communication
between them. There are two triads per sarcomere, one at the level of

each A-1 band (Andersson-Cedergn 1959).

O1trastrecture of the sarcoplasmic reticulum membrane

The calcium-transporting membrane of the SR is compose of vesicles
(Porter and Palade, 1957; Porter, 1961; Franzini-Armstrong and Porter,
1964; Peachey, 1965; Sa-zaTa et al., 1975) enclosed by a single,
triple-layered, asymmetrical membrane about 60$ thick (Hasselbach and
Elfvin, 1967). These vesicles can be further resolved into light, in-
termediate ar neavy vesicles (Meissner, 1975). Light vesicles appear
as empty sacs by electron microscopy (Meissner, 1974) and are composed
of almost equal amounts of phospholipid and calcium-pump protein, this
accounting for approximately 9% of the total protein. Heavy vesicles
contain, in addition to the calcium-pump protein, two other major pro-
tein components. These are the calcium-binding and M5 proteins, which
account for the electron dense material observed inside heavy vesicles
(Meissner, 1975). These vesicles contain half the amount of phospho-
I’ pid or light vesicles, in accordance with their high content of
calcium-binding protein. Intermediate vesicles have a calcium-binding
and M3 protein content somewhere between that of light and heavy
vesicles. Heavy vesicles retain twice as many calcium ions as do light
vesicles, while the latter accumulate three times as many calcium ions
(Meissner, 1974;. Thus, the three types of vesicles differ in compo-
sition, morphology and function. From these data, Meissner (1975)
concluded that the heavy vesicles containing electron dense material are
derived from the terminal cisternae of the SR, while light vesicles,
which appear empty, originate from the longitudinal sections of the R

(Meissner and McKinley, 1976). Further ultrastructural characteriza-
tion was then carried out by means of negative staining of the R
vesicles. This revealed the presence of particles about 4oil in diame-

ter on their outer surface (Deamer and Baskin, 1969; Ikemoto et al.,
1971; Mactennan et al., 1971; MaclLennan et al., 1974). The particles
are uniformly distributed and are present on the majority of vesicles.
A second type or particle, 80 - 90$ in diameter, is found on the inter-
nal surface or vesicles and has been identified with the adenosine
triphosphatase (ATPase) protein (Dearne® and Baskin, 1969; MaclLennan
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Et al., i971; Scales and Inesi, 1975:. Tne latter are present on ap-
proximately 70% of vesicles and cover about 20, of the vesicle surface
(Deamer and Baskin, 1969).

Chemical composition of the sarcoplasmic reticulu;

Seven proteins have been isolated from the SR These comprise two
groups: a series of water-soluble, hydrophobic (extrinsic) proteins and
a group ofwater-insoluble (intrinsic) proteins (Maclennan et al., 197-:

The Ca2+-dependent ATPase of the intrinsic proteins is a membrane-
forming enzyme, consisting of a major ATPase peptide (molecular weight
(MW)/-'102,000); a proteolipid (MWH2.000); variable amounts of a high
molecular-weight protein; and neutral lipids and phospholipids
(Maclennan, 1970; Maclennan et al., 1971). These intrinsic proteins
form the trilaminar, asymmetrical structure of the SR membrane (Inesi
and Asai, 1968; I|kemoto et al., 1971; Maclennan et al., 1971;
Maclennan et al., 1974) and account for the globular structures on the
inner surface of the SR membrane (Deamer and Baskin, 1969). It should
be noted, however, that the above conclusions are not in agreement with
those or Hasselbach and Elfvin (1967), Thorley-Lawson and Green (1972)
and Yu et al. (1975), who considered the Ca2+-ATPase to be either on or
projecting from the outer surface of the SR vesicles.

The extrinsic proteins are a series of highly acidic proteins of
different molecular weights and are thought to possess the common pro-
perty of binding calcium that has been transported to the interior by
the Ca2+-dependent ATPase r aclennan and Wong, 1971; Maclennan et al.,
1974). The largest of the,- proteins, the M5 protein (MN'-'55,000), is
the least acidic and has the highest affinity for calcium. Calseques-
trin (MN'-'46,500) and the other acidic proteins (with molecular weights
ranging between 20,000 and 38,000) have far lower calcium-bincing values.
These values have been discussed in detail by Ostwald and Maclennan
(1974). The amino acid composition was given by Meissner et al. (1973)
and this, together with the differences in molecular weight and calcium-
binding activity, makes them clearly distinguishable from one another.

The localization of the protein components of R vesicles is de-
bated and there are conflicting views. For example, calsequestrin was



said to be on the internal surface of vesicles by MacLennan and \Wbng
(1971) and Stewart et al. (1976), but on the external surface by
Thorley-Lawson and Green (1973); while Yu et al. (1976) reported that
calsequestrin and related Ca-*-binding proteins are either buried with-
in the membrane structure or located on the internal surface of the

vesicles.

Subunit structure of myosin

The myosin filament is formed by an aggregation of rod-like,
a-helically arranged structures known as myosin molecules, which are
approximately 1,600 long (Pepe, 1967). The myosin molecule is divid-
ed into two subfragments, heavy meromyosin (HVM) and light meromyosin
(LMM) (MihSlyi and Szent-Gydrgyi, 1553; Szent-Gytirgyi, 1953; Lowey
and Cohen, 1962).

HW accounts for 70% of the molecular mass of myosin and is in the
form of a tail (subfragment-2 (HW S-2)) (Lowey et al., 1969), which
terminates in two globular subunits or heads (HVWM subfragments-1
HW S-1)) (Mueller and Perry, 1962), both 190l in length (Offer and
Elliott, 1978). These globular heads, each with a diameter of approx-
imately 64A, consist of two heavy chains and four light chains (Trotta
et al., 1968); A-l, A-2 and two DINB chains (Carlson and Wilkie, 1974).
The heads interact with actin and hydrolize ATP (Hanson et al., 1971,
Lowey and Steiner, 1972).

In contrast, LMV attached to the tail of HW consists of a
simple, double-stranded, a-helical rod with a diameter of 15 - 2ol
(H.E. Huxley, 1963; Zobel and Carlson, 1963; Rice et al., 1966) and
is composed of a dispersed system of polypeptides called protomyosin.
The rod-like tails of the myosin molecules (LMM) are arranged in a
tai1-to-tai1 fashion and form the shaft of the thick filament. Fur-
ther aggregation towards the tapered ends of the thick filament occurs
in a head-to-tai1 fashion (H.E. Huxley, 1963), the HW S-1 portions
projecting laterally and outwards at the surface to form the cross-
bridges. In the centre of the thick filaments is a bare zone, or
pseudo-H zone, which arises from the tai1-to-tai1 (antiparallel packing
- H.E. Huxley, 1963) arrangement of the LWM No myosin cross-bridges



are found in this pseudo-H zone (Pepe, 1968).

It is assumed that the cross-bridges, projecting at intervals of
approximately 143%, are constructed from the head pieces of the myosin
molecule, since recent studies suggest that the ATPase activity and
actin-combining sites are completely localized in the head portion S-I
of HWM the light chains forming the structural units necessary for
these physiological functions (Tonomura, 1973). Thus, it is evident
tnat the many varied functions of myosin are confined to particular
regions of its structure.

Chemically, the myosin molecule consists of numerous amino acid
residues distributed uniformly throughout the molecule, the composition
of each subunit having been discussed in detail by Tonomura (1973).

Subunit structure of actin, tropomyosin and troponin

In muscle, actin occurs in the fibrous (F-actin) form. The actin
filament, with a diameter of about 80$ (Hanson and Lowy, 1963; Moore

et a1., 1970), has a tertiary structure. It consists of a double-
stranded helix of actin subunits and "native" tropomyosin. The latter
comprises two proteins troponin and tropomyosin. The two intertwin-

ing F-actin chains cross at intervals of 355$% to 370%, in which length
there are thirteen relatively globular monomers (H.E. Huxley and Brown,
1967; Moore et al., 19/0). Each of these globular subunits repre-
sents one G-actin monomer, of which there are 350 - 400 per thin fila-
ment, each with a diameter of about 55,&) (H.E. Huxley, 1953b; Selby and
Bear, 1956; Hanson and Lowy, 1963; Moore et al., 1970). G-actin is
the compact mass which forms the repeating subunit of F-actin, the
latter being formed by polymerization of the G-actin monomer (Hanson
and Lowy, 1963). The molecular weight of G-actin is 46,000 to 47,000
dal tons.

The two regulatory proteins, tropomyosin and troponin, form a

structural component of the actin filament. Tropomyosin is a fibrous
protein with a molecular weight about 66,000 - 70,000 dal tons (Holtzer
et al., 1965; Woods, 1967). The tropomyosin molecule consists of two

a-helical, polypeptide chains which form a coiled coil (sic) measuring
about 400 - 410% in length and 18A in width (Caspar et al., 1969;

13
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Mill ward did Woods, 1970; Longley, 1977). There is one tropomyosin
molecule in tne groove of each double-stranded actin filament (Spudich
et al., 1972). This arrangement occurs in a regular, periodic

fashion, namely, one tropomyosin molecule for every seven actin mono-

mers.

Troponin, a fairly globular protein (MV 80,000), is situated about
100A or 15QA from the end of each tropomyosin molecule (Cohen et al.,
1972) and is spaced about every 400A along the thin filament (Ohtsuki
et al., 1967). There is one troponin molecule for each tropomyosin
molecule. Troponin comprises three distinct peptide chains of differ-
ent molecular weights. These are calcium-binding protein or TN-C
(MV 18,000); inhibitory protein or TN-I (MN 22,000); and tropomyosin-
binding protein or TN-T, the protein with a mass of 37,000 - 39,000
dal tons (Greaser and Gergely, 1971).

In the absence of calcium, troponin, together with tropomyosin,

maintains the dissociation of actin and nucleotide-containing myosin.

EXCITATION AND REGULATION COF CONTRACTION IN STRIATED MJSCLE

Nerve conduction

When nerve is stimulated, either electrically or chemically, the
potential difference across the membrane of the nerve decreases. This
results in increased permeability of the membrane to sodium ions, which
move across the membrane into the cell and carry the early inward mem
brane current (Hodgkin and Huxley, 1952a,b). The accompanying change
in the membrane ionic environment is the start of a propagated action
potential, which is associated with a wave of depolarization that
passes along Lie length of the nerve fibre to the nerve terminals.

Neuromuscular transmission

The arrival of a nerve action potential at the neuromuscular junc-

tion causes depolarization of the nerve terminal membrane. There is



an increase in calcium conductance, and calcium ions diffuse across the
nerve membrane into the presynaptic end-plate region. This results in
a brief but powerful acceleration in release of the transmitter,
acetylcholine (Hubbard et al., 1968; Katz and Miledi, 1968; Kosower
and Herman, 1971). The exact role of calcium ions in the release of
transmitt not fully understood. However, it is known that a de-
crease in uie calcium ion concentration in the end-plate region or an
increase in the magnesium ion concentration in the presence of calcium
ions, results in a neuromuscular block caused by a reduction in the
amount of acetylcholine released (Hubbard et al., 1968). The trans-
mitter is released from the synaptic vesicles in the form of small
"packages" or quanta, each containing many thousands of molecules of
acetylcholine (Kriebel et al., 1976; Wernig, 1976). It then diffuses
across the narrow gap between the nerve and muscle membranes, a dis-
tance or about 1 pm, and attaches to the end-plate receptors of the
muscle fibre membrane. The acetylcholine receptor is a protein now
thought to consist of more than one polypeptide chain (Nathanson and
Hall, 1980). A local end-plate potential is generated as a result of
summation or many (100 - 250) units of transmitter released simulta-
neously (Dei .astillo and Katz, 1954); and which, at a critical magni-
tude, causes depolarization of the muscle fibre membrane by altering
the permeability to sodium. his change in ionic gradient gives rise
to the muscle action potential, which propagates along the length of
the fibres at a velocity of 0.5 - 5§ ms'1.

Shortly after acetylcholine has acted, it is removed from the end-
P'ate region by diffusion and hydrolysis. The enzyme acetylcholines-
terase, round on the surface of the postsynaptic membrane, hydrolyzes
acetyicholine to acetate and choline. The choline is reabsorbed by
presynaptic nerve terminals and reacetylated by acetyl coenzyme A to
form a new molecule of acetylcholine.

Neuromuscular transmission is also regulated by the action of the
hormones norepinephrine and epinephrine, which facilitate transmission
(Bowman and Raper, 1967; Kuba, 1970; Kuba and Tomita, 1971).
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EXCTTATION-CONTRACTION COUPLING

Electrical properties of muscle

The mincle action potential, or spike potential as it is frequent-
ly called, is (as stated earlier) dependent on the intracellular/extra-
cellular ionic environment. The ionic distribution is such that the
concentration of potassium is higher inside the myofibril, while the
predominant cation outside the membrane is sodium. The resting trans-
membrane potential of mammalian skeletal muscle is approximately -90 mV,
the inside of the fibril being negative with respect to the outside.
When stimulated, the potential is reduced to +30 to +40 nV and there is
a concomitant increase in the permeability of the membrane to sodium,
potassium and chloride ions. Although the electrical properties of
skeletal muscle are similar to those of nerve fibres, chloride ions
play a greater role in muscle than in nerve (Hodgkin and Horowicz,
1959).

Inward spread of contraction activation along the T system

It is now generally accepted that the T tubules of skeletal muscle
form the active intermediary pathway for excitation-contraction coup-
ling between the surface membrane and the interior of the muscle fibre
(A.F. Huxley, 1971; Bastian and Nakajima, 1974). The action poten-
tial is conducted from the muscle fibre membrane into the muscle cell
by depolarization of the T system (Gage and Eisenberg, 1967). The
tubular action potential is the result of active conducting changes
similar to those which occur in the surface membranes of nerve and
muscle cells. When the T system membranes become depolarized, the
current is carried into the fibre and initiates the spread of depolari-
zation along the tubules to the SR (Costantin, 1970; Peachey, 1972).
Activation of the SR causes calcium ions to be released into the sarco-

plasm, which leads to muscle contraction. However, the exact mechan-
ism by which the tubular action potential induces release of activator
(calcium ions) from the SR, is not yet known. It has been postulated

that the close proximity of the T tubules to toe terminal cisternae of
the R at the triadic junction (Peachey, 1965) causes a potential dif-
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farence across the SR membrane, resulting in release of calcium ions.
An alternative mechanism, suggested by Kasai and Miyamoto (1973) and
Nakajima and Endo (1973) following their experiments on skinned muscle
fibres, was that the change in ionic environment results in a massive
influx of sait and water into the vesicles. This causes osmotic
swelling ana an increase in membrane permeability which depolarizes the
R membrane, thus resulting in release of calcium ions.

Identity of the "activator 1

The earliest evidence for a physiological role of calcium came
from the work of Ringer and Buxton (1887), who found that the isolated
frog heart no longer contracted when calcium was not added to the bath-
ing solution. Since the study by Heilbrunn and Wiercinski (1947),
calcium has become recognized as the "activator" of muscular contrac-
tion. Muscle will not contract in the absence of calcium, not even in
the presence of a high concentration of potassium. Inesi and Malan
(1976) and Taylor and Godt (1977) demonstrated that direct stimulation
of the muscle fibre caused calcium ions to be released, resulting in
muscular contraction. Jtibsis and O'Connor (1966) and Ashley and
Ridgway (1968) had previously obtained similar results. It was also
observed by various workers that during relaxation, the free calcium

ion concentration became markedly reduced.

Site of calcium accumulation

Winegrad (1965, 1970), using autoradiographic techniques, showed
that during the relaxation phase of muscle, calcium is taken up mainly
by the longitudinal sacs of the SR and subsequently accumulated in the
terminal cisternae (sacs) of the SR (Costantin et a!., 1965, Podolsky
et_aj_., 1970), where the calcium concentration in resting muscle is

highest.

The calcium accumulated in the R is bound in vast quantities to
the calcium-binding protein, calsequestrin, and to the 55,000 dal ton
protein localized on the interior surfaces of the SR membrane vesicles.
The calcium concentrations on the surfaces of calcium-loaded R
vesicles may be as high as 20 M (MacLennan and Wong, 1971). The



aforementioned proteins play a major role in binding and sequestering
the large number of calcium ions on the surfaces of the R vesicles, in
order to reduce t.ie calcium concentration in the sarcoplasm to the
level in the resting fibre.

Calcium binding by membrane components of the sarcoplasmic reticulum

Calcium is taken up by the R following transport of calcium ions
through the membrane into the vesicles (Hasselbach, 1964). Early
studies by Marsh (1951, 1952) and Bendall (1902, 1958) showed that an
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aqueous extract of muscle had a relaxing effect on myofibrillar bundles.

It was shown by Ebashi (1958) that this "relaxing factor" was associat-
ed with the granular fraction known as the Kielley-Meyerhof ATPase
(Kielley and Meyerhof, 1948, 1950). The methods of preparation em
ployed indicated that the relaxing factor consisted of vesicular struc-
tures derived from the SR of muscle (Ebashi and Lipmann, 1962;
Muscatello et al., 1962). Bozler (1954, 1955), Watanabe and Sleator
(1957;, Ebashi (1961) and Seidel and Gergely (1963) reported that mus-
cular contraction and relaxation was regulated by calcium. The dis-
covery by Ebashi (1961), Ebashi and Lipmann (1962) and Hasselbach and
Makinose (1961, 1963) that calcium ions are accumulated by the SR in
the presence of magnesium ions and ATP, revealed the importance of the
R in muscle relaxation.

Calcium binding to the R high-affinity binding sites, namely on
the ATPase protein (Cohen and Selinger, 1969; C'evallier and Butow,
1971; Fiehn and Migala, 1971), is thought to represent the initial
reaction of the membrane with calcium, i.e. it causes enzyme activation
(Inesi et ai., 1980). The initial reaction is followed by a secondary
process, namely the binding of calcium ions bv the Mss protein (high-
affinity calcium-binding protein) and the lower affinity sites of
calsequestnn; but which nevertheless have an extremely high capacity
for binding calcium. This secondary orocess takes place on the inner
surfaces of the SR vesicles (lkemoto et al., 1972, 1974).

Thus, the uptake of calcium ions involves active transport across
the R membrane; and one mole of ATP is hydrolyzed for every two moles
of calcium accumulated (Weber et al., 1966; Friedman and Makinose,



1970; Yamada et al., 1970, Tada et al., :978). Information concern-
ing the amount of calcium accumulated by eu:n protein fraction has bee,i
reviewed by Tada et al. (1978).

Rate of calcium binding by the sarcoplasnrc reticulum membranes

The raue of calcium uptake found experimentally, differs from that
which occurs in muscle in vivo. This discrepancy is attributed to the
"unphy riologi *al" state of SR preparations (Ex.shi and Endo, 1968).
The ' ates of uptake of calcium by the SR have ‘een discussed by these

and other authors.

In certain diseases, the rates of calcium uv.take are affected.
For example, Sameha and Gergely (1969) suggested that the SR is pro-
bably the site where the primary cause of muscular dystrophy is to be
found. In Duchenne muscular dystrophy, the initioi and total calcium
uptake rates and ATPase activities of the R are low. In myotonic
dystrophy, there is high initial, and normal total c& cium uptake.

In another myopathy, malignant hyperthermia, it was shown that the
rates of ATPase activity, initial calcium uptake and total calcium up-
take by the SR were reduced (lsaacs and Heffron, 1975). The rates of
ATPase activity and initial calcium uptake by the SR were found to be
normal in another patient, while total calcium uptake was halved
(Isaacs et al., 1975).

The rate of calcium uptake by the R of normal muscle varies ac-
cording to the type of muscle fibre. In slow fibres, the rate of up-
take is slower than that in fast fibres.

Active calcium transport across the sarcoplasmic reticulum membrane

As was mentioned previously, calcium taken up by the SR becomes
bound to it. Transport of calcium by the R from the external solu-
tion against a concentration gradient, requires energy. This energy
is derived from hydrolysis of ATP (Hasselbach and Makinose, 1961;
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Martonosi, 1971), acetyl phosphate (De Meis, 1969; Pucell and Martonosi,

1971) or carbomylphosphate (Pucell and Martonosi, 1971) by transport
ATPase, which is dependent on membrane phospholipids for its activity
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(Martonosi et al., 1968).

It was concluded from experiments on the rate of calcium binding
by the R that binding of calcium to the surface of the SR is dependent
on the presence of magnesium ions and ATP (Ohnishi and Ebashi, 1963,
1964). Duggan (1977) showed that potassium also stimulates uptake of
calcium and thus increases the rate of relaxation. It has been found
that two moles of calcium are accumulated when one mole of ATP is
hydrolyzed, while one mole of phosphate is liberated (see review by
Tada et al., 1978).

Mechanism of coupling between ATPase and calcium transport

Pardee (1968a,b) pointed out that during transport of ions, a car-
rier protein has to perform at least three successive functions.

Firstly, it has to recognize the specific ion amongst the many ot“er

solutes present in the system, and bind it. It then has to translocate
these ions across the membrane (which requires energy) and, finally,
release the ions and revert to its original state. These three steps

will be described below.

There are two types of ATP hydrolysis which supply energy for the
active transport of calcium across the membrane. These are the
calcium-independent (basic ATPase) and the calcium-dependent (extra
ATPase) ATPase activities (Hasselbach and Makinose, 1962; Inesi et al.,

1976), both of which require magnesium for their activation.

Magnesium ions play at least two important roles in ATP hydrolysis.
The first is to enhance decomposition of the phosphorylated intermediate
formed during ATP hydrolysis and the second is to form an equimolar com-
plex with ATP, namely MgATP, which serves as a true substrate for
calcium-dependent ATPase (Vianna, 1975).

Kanazawa et al. (1971) proposed a scheme for the overall calcium-
magnesium-depenaent ATPase reaction, to explain the coupling mechanism
between ATPase and calcium transport. At the outer surface of the
membrane, two moles of calcium and one mole of MATP (substrate - as
mentioned previously) bind in a random sequence to one mole of ATPase
(enzyme), forming the first Michael is enzyme-substrate-calcium complex
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(E(’;‘ago"jp). When the ATP concentration is high, the ATPase reaction is
accelerated and the ATP acts not only as a substrate but also as a re-
gulator, controlling enzyme activity. Thus, a similar (second)
Michael is complex is formed (E*?Tp). The formation of a second com-
plex was also found to occur in myosin ATPase (Tonomura, 1973) and
Nat+-K+-dependent ATPase (Tonomura and F"kushima, 1974). Calcium is
then translocated from outside to inside the membrane when the phos-
phorylated intermediate (EP) is formed (Kanazawa et al., 1970). After
this, calcium is released from the enzyme into the interior of the
vesicle, because of reduction in the affinity of the enzyme for calcium
ions during EP formation; and binding of calcium to the extrinsic
proteins takes place. At the same time, magnesium, having an in-
creased affinity for the phosphorylated intermediate, accelerates decom-
position of EP into ADP and phosphate, both of which are liberated from

the enzyme to the exterior of the vesicle (Panet et al., 1971; Inesi
et al., 1974). An efflux of magnesium and potassium is associated with
the influx of calcium (Kanazawa et al., 1971). It can be seen from the

above that the formation of one mole of EP results in transport of two
moles of calcium from the outside to the inside of the membrane, where
they replace (1+n) moles of magnesium and 2(l-n) moles of potassium, of
which ont mole of magnesium is required for the decay of EP (Tonomura,
1973).

Calcium release from the sarcoplasmic reticulum and ATP synthesis

The results of experiments by Barlogie et al. (1971) on calcium
ion efflux in the presence of ADP, inorganic phosphate, magnesium, and
a high concentration gradient of calcium ions across the membrane, led
these authors to suggest that the Ca2+-Mg2'r-dependent ATPase reaction
of the R is reversible. All the reaction products of calcium accumu-
lation are required for he reverse reaction when calcium is released
from the R (Martonosi et al., 1974). As for calcium uptake, magnesium

ions activate the reaction (Yamada et al., 1972).

When ACP is added to the calcium-loaded vesicles in the presence of
magnesium, there is a rapid calcium efflux and simultaneous synthesis of
ATP from ADP and inorganic phosphate (Makinose, 1971; Yamada and
Tonomura, 1972; De Meis and Carvalho, 1974; De Meis and Sorenson, 1975;
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Ce Meis, 1976). The phosphoprotein formed during ATP synthesis is in-
distinguishable from that formed during calcium accumulation. One
mole of ATP is synthesized for every two calcium ions released from the
vesicles (Makinose, 1972; Panet and Selinger, 1972). ATP synthesis
is energized by the calcium concentration gradient across the membrane.
Thus, the R acts as an energy converter which transduces osmotic

energy into chemical energy and vice versa (Yamada et al., 1972).

Cross-bridge activation

When calcium is released from the SR the level of free calcium in
the sarcoplasm is raised and calcium binds to the myofibrils, causing
contraction to take place because of the formation of force-generating

complexes Between actin and myosin.

At free calcium levels above 10™M or, when the calcium concentra-
tion becomes high enough to saturate troponin (Fuchs and Briggs, 1968),
7N-C, which has a high binding affinity for calcium, binds four calcium
ions and thereby causes a change in the conformational state of the
TN-C molecule (tndo, 1977). This activated TN-C binds with TN-I, re-
sulting in reversal of inhibition by TN-I of actin-activated ATP hydro-
lysis (Hartshorne and Dreizen, 1972; Perry et al., 1972). TN-T binds
with tropomyosin in a 1:1 ratio (Hartshorne and Mueller, 1969; Greaser
et al., 1972) and is thought to increase the affinity of TN-C and TN-I
for the tropomyosin-containing acti,, filament by providing them with
additional binding sites (Spudich et al., 1972). Thus, TN-l is bound
to the actin filament not only through its actin-binding site but also
possibly by TN-T; while TN-C is bound via TN-l1 and through TN-T to the
actin filament (Weber and Murray, 1973). It is thought that TN-T also
creates 'calcium-senzitivity" by regulating the state of actin accord-
ing to the amount of calcium in the sarcoplasm (Eisenberg and Kiel ley,
1972a; Greaser et al., 1972).

From the above data, it is evident that TN-C initiates the con-
tractile reaction by changing the conformational state of the regula-
tory proteins (Adrian et al., 1976). Troponin does not bind to the

myosin molecule (Greaser et al., 1972).
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Sliding filament theory

During relaxation, the calcium concentration in the sarcopias: is
low, i.e. less than 10"7M At this time, the troponin complex is
bound to actin and tropomyosin in such a way that the tropomyosin mole-
cule interferes sterically with the binding of the myosin heads to the
actin filament (Haselgrove, 1972). This prevents activation of acto-
myosin ATPase (H.E. Huxley, 1972), the activity of which is low in
resting muscle. Dissociation of actin and myosin is maintained in

this manner.

When calcium is released from the R and binds to troponin, this
inhibitory effect on the cross-bridge/sliding filament mechanism is
removed. The action of troponin on the tropomyosin molecule alters
the position of tropomyosin, thus exposing the active actin site fo-
the attachment of the HW S-1 moeity of the myosin molecule.

The cross-bridges formed by HW S-1 and S-2 produce the inter-
filamentary sliding force, doing so by binding several sites on the
myosin head sequentially with reactive sites on the actin filament
(A.F. Huxley and Simmons, 1971). These reactive sites on the actin
filament are arranged in order of increasing myosin/actin affinities.
The S-1 moeity attaches to the first site on the actin molecule and by
means of rotation of the head, the other sites attach in sequential
fashion. The force produced by rotation of the myosin nead on actin
results in sliding of the thick myosin filament further towards the
Z line (H.E. Huxley, 1969; Borejdo et al., 1979; H.E. Huxley et al.,
1980). Once the head has finished rotating, it detaches from the
actin filament. The HW S-1 moeity then reattaches at another site
further along the actin filament. The cycle of cross-bridje attach-
ment, rotation and detachment is repeated, each time increasing the
overlap between the actin and myosin filaments and resultina in shorten-
ing of the sarcomere length, which causes the muscle to contract. The
cross-bridges attach in an asynchronous manner, so that at any instant
some of them are attached while others are detached, and in the process,
moving towards the next reactive site on the actin filament. In this

way, the sliding filament mechanism first suggested by A.F. Huxley and
Niedergerke (1954) and H.E. Huxley and Hanson (1954) and, later, by
Pringle (1967) and H.E. Huxley (1968), is produced.



The actions of the two individual heads of the myosin molecule
during contraction and relaxation have still to be resolved. It has
been reported that the ATPases of the two heads of myosin act equally
and independently (Murphy and Morales, 1970; Margossian and Lcwey,
1973; Gadasi et al., 1974; Cooke and Franks, 1977; Reisler, 1980).
In contrast, a study by Inoue and Tonomura (1976) provided evidence
that the heads are structurally and functionally dissimilar. Tokiwa
and Morales (1971) stated that they are an interacting pair. Others
have suggested that the two heads of the myosin molecule may attach to
adjacent G-actin subunits in the actin filaments (Offer and Elliott,
1978).

Takeuchi and Tonomura (1971) concluded that both the 5-1 moeities
of the double-headed, HW fragment can combine simultaneously with
actin, each with a different monomer, while Eisenberg and Kiel ley
(1972b) wrote that only one HW head binds to actin.

Chemical properties of cross-bridge activity

The energy required for muscular contraction is derived from
hydrolysis of ATP, mediated by the contractile protein actomyosin.
The ATP is not utilized directly to produce cross-bridge force but in-
stead dissociates the actin/myosin cross-bridge and prepares the myo-
sin head for reattachment to the actin molecule. The ATP and actin-
combining properties of myosin are associated with the HW 5-1 com-
ponent. Two competing reactions are involved (Finlayson et al.,
1969; Eisenoerg and Moos, 1970): dissociation of actomyosin by ATP
hydrolysis; and activation of myosin ATPase by actin, involving
interaction of myosin and actin, which is dependent on the HW of the
cross-bridges (Chaplain, 1969; H.E. Huxley, 1969). There is recent
evidence that calcium-dependent phosphorylation of myosin light chains
plays a major role in regulating actin/myosin interaction in skeletal
muscle (BSrSny et_al_., 1980; Stull et al., 1980).

When calcium is released from the SR, its influence on troponin
and subsequently on tropomyosin (see previous section), exposes the
active site for the myosin 5-1 head. Owing to an increased affinity
of myosin for actin, the HW 5-1 molecule then attaches to the active

24
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site by the action of calcium on the troponin and tropomyosin molecules.
The combination of actin filaments with myosin cross-bridges activates
myosin ATPase (Lyyn and Taylor, 1970, 1971 ; Taylor et al., 1970; Moos,
1972), initiating hydrolysis of the MgATP (BSrSny and BSrSny, 1972),
which is bound to the ATPase site on the head region of the HW mole-
cule. Magnesium is the only ion necessary for ATPase activity, since
calcium does not have a direct influence on the contractile activity of
actin or myosin. Hydrolysis of MgATP by ATPase is accelerated by
actin (Eisenberg and Moos, 1970; Bremel et al., 1972) and the free
energy released is utilized for the dissociation of the myosin head
from the actin filament (Leadbeater and Perry, 1963; Lymm and Taylor,
1971; “"Takeuchi and Tonomura, 1971). During hydrolysis, myosin-bound
ATP is rapidly converted to myosin.ADP.P intermediate (Lytn and Taylor,
1970, 1971; Bagshawet al., 1972). It is thought that the force
produced during contraction is dependenton the formation of a force-
generating complex between actin and myosin.ADP.P intermediate (Weber
and Murray, 1973). The intermediate is then converted into the
enzyme/product complex and ADP and inorganic phosphate are released
once the head of the myosinmolecule hasstarted to rotate. After
the head has rotated fully, ATP is again bound to the ATPase site in
the presence of magnesium. This, together with inorganic phosphate,
causes the myosin cross-bridge to detach from the actin site. The cy-
cle is repeated. This transient shortening acts as an intermediate
step (A.F. Huxley, 1957; Davies, 1963; Podolsky and Teicholz, 1970)
in the process of sarcomere shortening (i.e. in the sliding filament
mechanism). In resting muscle, 9% of myosin is present as
myosin.ADP.P intermediate and 10% as myosin ATP (Marston and Tr”*gear,
1972). Thus, it is evident that MgATP is required for contraction

and relaxation.

When the calcium concentration is low (less than 10"7/M), troponin,
in conjunction with tropomyosin, causes relaxation by reducing the
actin-activated rate of ATP hydrolysis to about 10 - 20% (Eisenberg and
Kiel ley, 1970; Weber and Bremel, 1971; Bremel and Weber, 1972); that
is, 80 - 9% of all the actin monomers become inactivated (Bremel and
Weber, 1972). Relaxation does not, however, occur when the concentra-
tion of AIP is low (Weber and Winicur, 1961; Weber and Herz, 1963).
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Muscle becomes inextensible and rig'd (Bate-Smit" and Sendai 1, ’977;
Weber and Portzehl, 1952) and most or all of the myosin heads become
attacned to actin (H.E. Huxley and Brown, 1967; K.E. Huxley, 1955;
Miller and Trsgear, 1971; H.E. Huxley, 1972). 'his state is known as
rigor mortis and is the result of failure of the cross-bridges oo de-

tach from the actin filaments.

A review of the various cross-bridge models has ceen provided cy
Eisenberg and Greene (1980) who, in addition, proposed a new biochemi-

cal model of cross-bridge action in vivo.

BENERGY - REGENERATN COF ATP

Muscular activity derives its energy from the hydrolysis of A'P by
actomyosin, which results in the formation of ADP and inorganic phos-
phate. Since the concentration of A'P in muscle is only 2 - 4 mM it
is rapidly used up during sustained contraction. 're ADP and inorga-
nic phosphate formed are resynthesized into ATP by mitochondria, the
energy required being supplied by respiration through the electron-

transport ~echanism.

During contraction, glycogen is converted into pyruvic acid via
the Embden-Meyerhof glycolytic cycle, which takes place in the sarco-
piasm. .n the glycolytic cycle, NAD (oxidized nicotinanide-adenine
dinucleotide) is the hydrogen carrier; and in the presence of oxygen,
NADH (reduced nicotinamide-adenine dinucleotide) transfers its hydrogen
and two extra electrons to the cytochrome chain in the mitochondrion.

'he end product of glycolysis under aerobic conditions is pyruvic

acid. 'his, after entering the mitochondrion, first combines with
coenzyme A and then proceeds, via the Krebs tricarboxylic acid (citric
acid) cycle, to produce carbon dioxide and hydrogen. The latter, in

combination with hydrogen from NAD , -s transferred to the cytochrome
chain; and in the presence of oxygen and the electrons from NADH
water is formed. ATP is regenerated by rephosphorylation of ADP by an
energy-rich phosphagen compound, creatine pnosphate. This reaction is
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thought to occur in three steps along the cytochrome chain. ADP
released during activity activates oxidative phosphorylation, which
continues until ATP and phosphocreatine have been restored to their
resting levels. In this manner, the levels of AIP in muscle are

maintained.

During contraction and relaxation of muscle, heat is produced.
Heat liberated during the contractile process is known as Initial heat
(which is heat of activation and maintenance, heat of shortening and
heat of relaxation). Heat of activation and maintenance is caused by
chemical processes which change the muscle from a relaxed to an active
state; and it is produced irrespective of whether or not muscle short-
ening occurs. Heat of shortening is liberated partly as a result of
transformation of energy from the chemical into mechanical form
(i.e. most likely by energy produced by the cross-bridges, as actin
and myosin filaments slide over one another). Heat is formed in this
manner only if muscle shortening takes place during contraction. Heat
of relaxation is produced from potential energy formed during contrac-
tion of muscle. This is a physical process and not a chemical one.

Once contraction and relaxation have occurred, heat of recovery
is produced as a result of the chemical sequences of recovery, the
main process being resynthesiiation of ATP. Liberation of recovery
heat is, therefore, largely dependent on oxidation. As a consequence,
most heat of recovery is not produced in the absence of oxygen, only
5% resulting from anaerobic metabolic processes. The amount of re-
covery heat generated is roughly equivalent to that of initial heat.

A detailed description of heat production and a review of previous
literature has been provided by Hill (1965).
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released during activity activates oxidative phosphorylation, which
continues until ATP and phosphocreatine nave been restored to their
resting levels. In this manner, the levels of AIP in muscle are

maintained.

During contraction and relaxation of muscle, heat is produced.
Heat liberated during the contractile process is known as initial heat
(which is heat of activation and maintenance, heat of shortening and
heat of relaxation). heat of activation and maintenance is caused by
chemical processes which change the muscle from a relaxed to an active
state; and it is produced irrespective of whether or not muscle short-
ening occurs. Heat of shortening is liberated partly as a result of
transformation of energy from the chemical into mechanical form
(i.e. most likely by energy produced by the cross-bridges, as actin
and myosin filaments slide over one another). Heat is formed in this
manner only if muscle shortening takes place during contraction. Heat
of relaxation is produced from potential energy formed during contrac-

tion of muscle. This is a physical process and not a chemical one.

Once contraction and relaxation have occurred, heat of recovery
is produced as a result of the chemical sequences of recovery, the
main process being resynthesizaticn of ATP. Liberation of recovery
heat is, therefore, largely dependent on oxidation. As a consequence,
most heat of recovery is not produced in the absence of oxygen, only
5%k resulting from anaerobic metabolic processes. ihe amount of re-

covery heat generated is roughly equivalent to that of initial heat.

A derailed description of heat production and a review of previous
literature has been provided by Hill (1965).
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MUSCLE TENSION

In the sliding filament mechanism of muscular contraction, indi-
vidual sarcomeres shorten because of the force produced by the action
of the cross-bridges on actin filaments, which results in interdigi-
tation of actin and myosin filaments. The force produced in this

manner is known as muscle tension.

When tension is plotted graphically as a function of sarcomere
length, it is found that tension increases 1inearly with decreasing
sarcomere length (i.e. tension increases proportionally as the number
of interacting cross-bridges -increase). Once maximum tension caused
by the contraction process has been attained, it remains at this high
level until the free ends of two actin filaments meet. As further
shortening of the sarcomere occurs, the two actin filaments overlap,
resulting in a decrease in tension. This overlapping of the thin
filaments interferes with the formation of cross-bridges between thick
and thin fi'aments, causing a rapid decline in tension. Tension de-
creases even more rapidly when shortening proceeds beyond the point at

which myosin filaments crumple up against the Z line (Fig. 2).

When a fibre is stretched to such an extent that the actin and
myosin filaments are unable to interdigitate at all, stimulation will
not produce tension beyond the passive elastic tension of the resting
state, owing to inability of myosin filaments to form cross-bridges
with actin.

As a muscle contracts, the number of myosin cross-bridges that can
interact with actin filaments increases linearly according to the dis-
tance of filament overlap. Thus, the tension is proportional to the
amount of overlap of the two filaments. The interaction of each
cross-bridge with the actin filament results in an increment in tension,
so that the total tension produced b) . sarcomere is proportional to the
number of cross-bridges that interact with actin filaments (A.F. Huxley
and Niedergerke, 1954). As regards the length/tension relation, it has
been shown that muscles with longer sarcomeres (i.e. actin/myosin fil-
aments) develop greater tensions; and as a result, the velocity of
shortening is more rapid. Maximum tension is independent of the



Figure 2a.

Figure 2b.

The length/tension curve for an isolated frog muscle
f.bre, showing the relation between filament overlap
and contractile force. (From Gordon e? al ., 1966,

Critical stages in the overlap between actin and myo-
sir, filaments, as a sarcomere shortens. The first
diagram in the series is a schematic representation
of filaments, giving the symbols used for relevant
morphological features. (From Gordon 196b)
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number of sarcomeres in series, but does increase proportionally with
the number of myofibrils working in parallel. Consequently, a thick
muscle can lift a heavier load than a thin muscle, irrespective of its
length.

Muscle not only has a contractile compc ;nt (the sarcomeres), but
also a non-contractile, elastic component. The latter includes the
sarcolemma, connective tissue and other non-contractile material
parallel to the contractile elements; as well as tendons, connective
tissue attaching muscle fibres to tendons, the cross-bridge links, and
Z-line material, all joined in series with the myofibrils. The four
last mentioned are collectively referred to as the series elastic com
ponents (SEC). When the sarcomeres contract, the SEC are stretched
while tension is developed. This stretching of the SEC retards the
development of tension in the muscle and accommodates for the abrupt
changes in cross-bridge activity. Once the tension in the SEC equals
the weight of the load to be lifted, external shortening occurs.

MECHANICAL PROPERTIES F MUSCLE

Contraction can be expressed in two different ways: either in
terms of tension or in terms of shortening. Two types of mechanical
recording are used to measure activity occurring in the contractile
system. When a contracting muscle is maintained at a constant length,
tension is developed and this is measured by means of a strain gauge or
some other form of tension recorder. Although no visible external
shortening of the muscle occurs, there is a small degree of internal
shortening caused by stretching of elastic components in series with
the muscle fibres. This is called an isometric contraction. The
duration of this type of contraction varies in different skeletal
muscles. When the other method of recording activity is used, the
tension remains constant, and changes in muscle length are measured as
the muscle contracts against a load. This is known as an isotonic
contraction.
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CLASSIFICATION CF FIBRE TYPES

Almost all skeletal musclesare composed of two main types of
fibre which are present in about equal numbers and distributed in a
"chequer-board" pattern. These are fibres of small diameter, type 1
(slow twitch) fibres; and thosewith a large diameter, type 2 (fast
twitch) fibres. Type 2 fibres are further sub-divided into 2A, 2B and
2C fibres. These are easily distinguishable from each other by their
different histochemical reactions (described later). Slow and fast
twitch fibres are often referred to as red end white fibres, respec-
tively. This is because there is an abundance of a reddish protein,
myoglobin, in red fibres and a relatively low content of myoglobin in

white fibres.

The ratio of red to white fibres in a muscle determines the over-
all function of the muscle; that is, whether it is a slow-acting or a
fast-acting muscle. Thus, muscles composed predominantly of type 1
fibres, such as those required to maintain posture, are capable of sus-
tained contraction over prolonged periods of time. Type 2 fibres, on
the other hand, are more suited to short, rapid bursts of activity and
fatigue relatively quickly with continuous activity. Recent studies
have revealed interesting differences in the rate of shortening, as
well as in the rate of tension development in calcium-activated slow
and fast twitch fibres (Stephenson and Forrest, 1980).

During sustained contraction, large amounts of energy are required.
For this reason, red fibres are richly supplied with capillaries and
the sarcoplasm contains large numbers of mitochondria, located along
the periphery of the fibres and between myofibrils. White fibres have
relatively few mitochondria and far fewer capillaries supplying them.
Thus, type 1 fibres receive energy mainly tvom oxidative metabolism
(Krebs cycle), while type 2 fibres depend mainly on the aerobic metabo-
lism of the glycolytic pathways for their energy, i.e. glycogen acts as

an energy substrate (Brooke and Kaiser, 1970).



HSTOCHEMICAL PROPERTIES OF FIBRE TYPES

During the past two decaoes, development of new histochemical tecn-
niqgues which demonstrate the enzyme systems at a cytological level, have
provided a better understanding of pathological disorders associated
with various muscular diseases. Different methods of classifying mus-
cle fV -e types have been employed but the nomenclature used in the en-
suing chapters will be according to t w fibre type system described
by Dubowitz and Brooke (1973), who adopted a histochemical approach to
the classification of fibres.

Histochemically, type 1 fibres exhibit high activity with oxidative
enzymes such as reduced nicotinamide-adenine dinucleotide-tetrazolium
reductase (NADH-TR), owing to the presence of large numbers of mitochon-
dria. These fibres show less activity when techniques to demonstrate
phosphorylase are used. Type 2 fibres, on the other hand, are defi-
cient in Krebs cycle oxidative enzymes but have a high phosphorylase
content, as veil as of other enzymes linked with the glycolytic cycle.
This has been described by Dubowitz and Pearse (1960) as a "reciprocal
relationship between phosphorylase and oxidative enzyme content". The
routine, myofibrillar ATPase (pH 9.4) reaction is an alternative method
often used for histochemical identnication of the two fibre types
(Engel, 1962, 1970). Type 1 fibres have a light appearance (weak re-
action) when stained in this way, while type 2 fibres are dark in colour
(strong reaction). This is the reverse reaction to that which occurs
when muscle is stained with NADHTR The ATPase stain has an advantage
in that it can also be used to identify the subgroups of type 2 fibres,
by alteration of the preincubation pH's (Brooke and Kaiser, 1970). At
pH 4.6 or less, type 2A fibres react weakly, at pH 4.3 or less, type
2B fibres are weakly reacting; and at both pH 4.6 and 4.3, type 2C
fibres react strongly (Table 1).

The structural and histochemical differences between type 1 and
type 2 fibres have been described and tabulated by Dubowitz (1968) and

Dubowitz and Brooke (1973).



Table 1.

Histochemical reactions of human muscle. Diagram-
matic representation of the intensity of the histo-
chemical reaction in different fibre types.
(Modified from Brooke and Kaiser, 1974)

34
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MUSCLE FIBRE TYPE 1 gr 93 2cC

Routine ATPase @ o« o .

ATPase preincubated . o . .
pH 4.6

ATPase preincubated . o o @
pH 4.3

NADH-TR

PAS

Phosphorylase 4+ o . .

o =1+ =2+ —34
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HISTOLOGICAL STAINING METHODS

Histological stains at used to demonstrate the morphology of mus-
cle fibres, the non-contract'le comp nents in muscle and abnormal struc-

tures. Staining methods are ei her "regressive or regressive, or a
combination of these. With progressive staining, the specimen is
stained to the desired colour. With regressive methods, the tissue is

first overstained and then excessive stain is removed in a substance
which dissolves the dye. Differentiation is complete when a satisfac-
tory amount of stain is left in the tissue. The three methods of stain-
ing that were routinely used in this study for biopsy specimens were
haematoxylin and eosin (H & E), modified Gomori trichrome and periodic
acid Schiff (PAS). The PAS stain demonstrates the presence of glycogen.
The periodic acid oxidizes 1:2 glycol groups, forming dialdehydes which
react with Schiff's reagent to produce a reddish-purple stain. Because
the PAS stain also gives a positive reaction with other polysaccharides,
neutral mucopolysaccharides, muco- and glyco-proteins, glycolipids and
some unsaturated lipids and phospholipids, the specificity of its re-
action for glycogen can be checked by using a control method with dia-
stase (saliva) or ct-amylase digestion. Sections stained with H & E or
modified trichrome demonstrate muscle fibre relationships and variations
in individual muscle fibre size. A crude approximation of the results
of enzyme histochemistry for determination of fibre type can also be
made in this way. With both s1 ning methods, type 1 fibres stain more
deeply than type 2 fibres.

HISTOCHEMICAL REACTIONS

Histochemical techniques are used to demonstrate specific chemical
properties at various sites in muscle. The different enzyme reactions
reveal a reciprocity in staining of individual fibre types and from this
the selective fibre type involvement in certain diseases can be deter-
mined (Brooke and Kaiser, 1974j. Other features such as various struc-

tural changes in muscle, the absence of a specific enzyme or an excess
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or deficit of a certain storage product can also be revealed by histo-
enzymatic methods. Most enzyme histochemical reactions show one of
two patterns: the myofibrillar pattern as revealed by the routine
ATPase reaction; or the intermyofibriliar network pattern as demon-
strated in the oxidative enzyme reactions.

Histochemical information used in this study for the interpreta-
tion of muscle biopsy material was derived mainly from the NADH-TR,
phosphorylase and ATPase reactions. When the mitochondrial NADHTR
oxidative enzyme procedure is used, tetrazolium, a soluble, relatively
colourless substance under normal conditions, is reduced to form an in-
soluble, intensely coloured formazan compound which is deposited at the
site of enzyme activity (Pearson and Mostofi, 1973). As in oxidat"lve
enzyme reactions, phosphorylase also demonstrates the intermyofibriliar
network. Muscle sections are incubated in a solution containing
glucose-1-phosphate, which results in glucose units being added on to
pre-existing glycogen in the tissue. This reaction is dependent on
the amount of phosphorylase present in t' 3 muscle. The routine ATPase
reaction is carried out at pH 9.4 and ir localized to the myofibrils,
becoming essentially a myosin ATPase reaction. Under the influence of
the enzyme ATPase, phosphate is produced from ATP, the former combining
with calcium to form calcium phosphate, which is precipitated at the
site of enzyme activity. Calcium is then exchanged for cobalt, result-
ing in the formation of black, insoluble cobaltous sulphide by the ac-
tion of ammonium sulphide (Dubowitz and Brooke, 1973). During the
complex seres of reactions involved in this process, the intermyofibri 1-
lar network is dissolved out of the section by the action of calcium on
the dry tissue (Brooke and Kaiser, 1969). When the pH oi the preincu-
bating solution used for the ATPase reaction is altered to 4.6 and 4.3,
the intermyofibriliar network is well demonstrated. Similarly, if the
muscle sections are preincubated in an ethylenediaminetetra-acetic acid
(EDTA) solution, the myofibrillar network is preserved. This results
in reversal of the ATPase staining pattern in the muscle fibres (Drews
and Engel, 1966).



38

ELECTRON  MCROSCOPY

The electron microscope has contributed to diagnosis by revealing
subcellular structures net visible under the light microscope. Elec-
tron microscopy does, however, have certain limitations. In view of
the increased magnification and resolution gained with use of electron
optics, as well as the time-consuming nature of preparation, only small
volumes of tissue can be effectively examined. This can create samp-
ling and interpretation restrictions. Another problem encountered is
that muscle reacts to disease processes in a limited number of ways,
and consequently the changes that are observed with the electron micro-
scope are non-specific. However, when considered together with obser-
vations made with the light microscope, the additional subcellular
information enlarges the perspective of structural changes, resulting
in an improved ability to differentiate between and classify disease

entities.

HECTROWOGRAPHY AND NERVE CONDUCTION  VELOCITY  TESTS

Electromyographic (BMG) studies demonstrate the coordination of
muscles and are used to nvestigate and record the intrinsic electrical
properties of muscle. 'uscles are examined at rest, during minimal
activity and during maximal contraction. The amount of activity that
occurs in the contracting muscle is recorded on a cathode ray oscillo-
scope screen and on a continuous-strip photographic recording device.
An auditory electrical response is obtained by means of a loudspeaker
attachment which acts as a transducer. BVG is non-specific in so far
as it only categorizes muscle into one of three groups: ;rmal, myo-
pathic or neuropathic; and it cannot demonstrate the type of myopathy
or site of the denervating process. It may, however, reveal specific
changes such as those which occur in myotonia and myasthenia gravis.

Another application of electromyography in the study of neuromus-
cular function is by means of nerve conduction studies. This technique
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was introduced by Harvey and Masland (1941) and is used to compare ne’ve

conduction velocities in normal and abnormal peripheral nerves. It is

particularly valuable in the diagnosis of peripheral neuropathies, where

the conduction velocities may be reduced to almost half the normal

rate.
A specialized knowledge of normal

conduction values is essential, owing
to the effects of numerous, variable physical

factors such as age, sex,
temperature, drugs, alcohol, individual

variation and fluctuation in

conduction velocities in different peripheral nerves. Consequently,

this technique can only be effectively used and interpreted by an ex-
perienced operator.

Electromyography and nerve conduction studies are discussed
detail by Basmajian (1974) and Smorto and Basmajian (1979).

in
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Eighty-three patients were fully assessed by the author and muscle
tension studies were carried out on samples of muscle from all of them.

Thirty patients with various neuromuscular disorders were selected
from among those being treated by Or H Isaacs at the University of the
Witwatersrand Clinical Neuromuscu.j. Research Unit. The conditions
included different forms of spinal muscular atrophy, myasthenia gravis,
Charcct-Marie-Tooth disease (peroneal muscular atrophy), malignant
hyperthermia and stiff man syndrome. These thirty patients were rele-
vant to the present report and are discussed in this dissertation.

The patients were from various parts of South Africa.

Owing to the similarity of the clinical patterns in muscular dys-
trophies, some neurogenic atrophies and certain myopathies, every case
was fully consi.' in order to establish the exact diagnosis and so
that an appropriate prognosis could be given. This entailed four
lines of investigation: a detailed examination and obtaining of the
neurological history (Appendix 1), serum enzyme tests, electromyogra-
phic studies and muscle biopsy, the latter followed by muscle tension
studies and by histological, histochemical and electron microscopic
examination.

The level in serum of the enzyme creatine phosphokinase (CPK),
which leaks out of muscle during certain disease processes, such as
occur in degenerative myopathies, was used for the purpose of providing
preliminary diagnostic information. The tests were conducted by
various private laboratories in Johannesburg. BVG and nerve conduc-
tion studies were carried out and evaluated by Dr Isaacs at the Neuro-
muscular Research Laboratory, one week prior to biopsy. Concentric
bipolar needle electrodes were used and the results recorded on a
Disa 3-channel Electromyograph.

BIOPSY PROCEDURE

All muscle biopsies were carried out by Dr Isaacs at the Princess
Nursing Hore in Johannesburg. Patients were instructed to discontinue
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any medication for a period of one week prior to biopsy.

The site for biopsy was chosen according to the severity of
disease in the limbs. Muscle that was moderately affected was select-

is difficult to det. mine the nature of the pathological
involvement.

ed, since it
process in muscle with advanced disease or with minimal
Areas where intramuscular injections had been given or BM5 studies had

been done were avoided, in view of the fact that a focal myopathy with

inflammatory characteristics is normally caused by these intrusions.

Local anaesthesia was used in most cases although in a few instan-

ces involving children, general anaesthesia was necessary. The skin

and subcutaneous tissue in the vicinity of the biopsy site was infil-
trated with 1% lignocc.ine (without adrenaline). A longitudinal
incision or approximately 4.5 cm was made in the skin overlying the
The skin was retracted and the fascia incised to expose the

A cylinder of muscle measuring about 2.5 om in length

muscle.

muscle belly.
by 0.75 am in width was removed by placing a suture at either end and

then isolating the strip of muscle by sharp dissection with a scalpel,

followed by detachment underneath, using either scalpel or scissors.

Immediately after removal, the specimen was stretched on a wooden

tongue depressor by securing the sutures over the split ends of the

A gauze swab wetted with saline was wrapped around the

spatula.
tests.

samp:e to keep it moist in preparation for enzyme histochenrcal
Another strip of muscle of similar size for muscle tension studies was

then removed in the manner described above. This was placed directly

into a bottle containing Krebs solution. A third specimen, measuring

approximately 2.5 om by 0.25 cm, was removed using an isometric clamp.
The muscle was kept in the clamp for 90 seconds after removal to pre-

vent it from contracting, after which it was taken out of the clamp and

fixed at room temperature in &% glutaraldehyde in phosphate buffer

(pH 7.2), for electron microscopy. Following muscle biopsy, the fas-
cial layers were sutured with absorbable material to prevent muscle
herniation and the skin reapproximated using interrupted sutures. The

stitches were removed seven days following biopsy.
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HISTOLOGY AND HISTOCHEMSTRY

Preparation of specimens

The stretched muscle specimen was removed from the spatula as soon
after biopsy as possible and cut into small pieces (about 2 mm by 6 mm
in size). Muscle that had been damaged by forceps or sutures was dis-
carded. The trimmed pieces of muscle were orientated accordingly for
the cutting of transverse and longitudinal sections and mounted in 10%
tragacanth gum, directly on to a microtome chuck. A beaker containing
isopentane was cooled to about -160°C by immersing it in a Dewar flask
of liquid nitrogen. The chucks with the embedded specimens were then
immersed in the isopentane for a few seconds until frozen and placed in
a cryostat at a temperature of -15°C to -2t3°C until sectioning was

carried out.

Cryostat sectioning

Serial sections were cut at 10 pm in a cryostat. Sections were
picked uo on gla*s microscope slides for purposes of histology, and on
coverslips for histochemical staining. Ten slides were made, eight

having transverse sections of muscle and two with longitudinal sections.
All those used for histochemical tests were cross sections.

Staining techniques

The frozen muscle sections on coverslips and slides were stained
according to standard procedures but with slight modifications. De-
tails are, therefore, given below. All routine biopsy tissue was
dealt with by Miss M Badonhorst. Other (experimental) biopsy
material was used by the author.

Haemctoxylin and Eosin

(3 slides - 2 with transverse sections; 1 with longitudinal sections)
Haematoxylin (modified Mayer's)
50 g ammonium or potassium alum

2 g haematoxylin
50 g chloral hydrate



1 g citric acid
0.4 g sodium iodate
1000 m distilled water

Dissolve each in the distilled water in the above sequence.

*Eosin/'Erythrosin stock

8 g eosin
2 g erythrosin
1000 nil distilled water

Working solution

20 g calcium chloride
250 m stock solution*
750 m disti1led water

Stain with modified Mayer's haematoxylin -or 5 :nin.
Wash in tap water.

Flood slide with 1« eosin for 3 min.

Rinse in tap water.

Dehydrate rapidly in ascending alcohols.

- e 2 0 T

Clear in xylene and mount in DPX

Modified Gomori trichrome
(3 slides - 2 with transverse sections; 1 with longitudinal sections)
Mouified Gomori trichrome

3 g chromotrope R
1.5 g fast green
3 g phosphotungstic acid
5 m glacial acetic acid
500 ml disci lied water

Adjust to pH 3.4 with IN NaOH

Fix in 5% acetic ethanol (pH 3.4) for 10 min.
Wash in distilled water.

Stain with haematoxylin for 3 min.

Rinse three times in distilled water.

Stain with modified uomori1s trichrome for 20 min.

. Rinse twice in 0.2% acetic acid for 5 min.

@ =0 o0 oo

Dehydrate through alcohols to xylene and mount in DPX
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Periodic Acid Schiff (PAS) technique for glycogen

(4 slides - 4 with transverse sections)

S@e ™0 o0 oo

Schiff's reagent

10 g basic fuchsin

19 g sodium metabisulphite

15 m hydrochloric acid
1000 ml distilled water

Shake intermittently for 2 - 3 h. Add approximately 5 g activated
charcoal. Shake well and filter. Solution must be clear. If
solution is yellow, add more charcoal; if pink, add a few drops
concentrated hydrochloric acid.

Fix in 86 acetic ethanol for 10 min.

Wash in distilled water.

Incubate two slides with saliva for 10min at37°C(control slides).
Placeall slides in 0.5% periodic acid (aqueous) for 5 min.
Rinsein distilled water.

Stainin Sch.ff's reagent for 20 min.

Rinsein distilled water.

Stain with haematoxylin for 3 -4 min.

Wash well in tap water.

. Dehydrate in ascending alcohols to xylene and mount in DPX

NADH-tetrazoliun reductase

(2 coverslips with transverse sections)

NAD stock solution

1 g polyvinyl pyrrolidon (PVP)
25 m MT (3-(4,5-dimethyl-thiazclyi-2)-2,5-diplienyl tetrazolium
bromide)
?.5 m tris buffer (pH 8 - 125 m tris, 15 m IN hydrochloric acid
and 30 m distilled water)
0.3 m 0.5M cobaltous chloride
4.7 m distilied water

Adjust to pH 7.0 with tris buffer pH 12.
Store in freezer.

Incubating solution

1 m NAD stock solution
6 mg NAPH



a.
b. Incubate for 1\ h at 37°C.

c. Fix in 10% formal calcium for5-3 0 min.

d. Rinse in distilled water.

e. Mount in glycerine jelly.

f. Seal sides of coverslips with clear nail varnish.
Phosphorylase
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Place 0.1 - 0.2 m incubating solution on coverslips in a petri dish.

(2 coverslips with transverse sections)

Se 0o a0 oo

Stock solution

50 mg glucose-1-phosphate
10 mg adenosine-5-phosphato

2 ng glycogen
10 m veronal buffer* (pH 5.6 - 6.0)
15 m distilled water

1 drop insulin (20 units/ml)

*Veronal buffer

5 m veronal acetate
8 m 0.IN hydrochloric acid
12 m distilled water

Adjust to pH 5.6 - 6.0.
Incubating solution

8 m stock solution
2 m ethanol

Formal chloral hydrate

0.5 g chloral hydrate
50 m formaldehyde
450 m distilled water

Incubate sections for 1J h at 37°C in incubating solution.

Rinse in 40% alcohol.

Rinse in distilled water.

Dry for a few minutes in oven at 37°C.
Fix in ethanol for 3 min.

Stain in dilute Gram's iodine (diluted 1 m in 10 ml) for 3 min.

Fix in formal chloral hydrate for 30 s.
Blot and leave to dry.
Clear in xylene and mount in DPX



Adenosine triphosphatase

(8 coverslips with transverse sections)

Dry all coverslips for 3 h or overnight in Columbia jars to prevent

precipitate forming.

2 coverslips for each of the following:

i)

T o

" e ao

@

pH 9.4

Incubating solution

3.8 ng adenosine-5-triphosphate (no salt)

2.5 m 0.18M calcium chloride (1.998 g/100 ml)
5.0 m 0.1M sodium barbiturate (2.062 g/100 ml)
0.75 m distilled water

Adjust to pH 9.4 with 0.1N NaCH.

Preincubate at room temperature in 0.1&M calcium chloride for 15 min
Rinse in distilled water.

Incubate sections in incubating solution for 45 min at 37°C.
Wash well in distilled water.

Place in 2% cobalt chloride for 3 min.

Wash in several changes of distilled water for 3 min.

Place in dilute solution ammonium sulphide (4 drops/10 ml H20)

Rinse under running tap for 5 min.

Dehydrate through alcohols to xyleneand mount in DPX

ii) pH 4.6 and pH 4.3

o

b.

o

f.

Incubating medium (ATP)

20 mg ATP sodium salt
2 m 0.1M sodium barbiturate
1 m 0.18M calcium chloride
7 m distilled water

Adjust to pH 9.4 with 0.1N NaOH.

Preincubate at room temperature in veronal buffer at pH 4.6 and
3 for 15 min.

Incubate in ATP medium for 45 minat 37°C.
Treat with 1D calcium chloride for 10 min.
Stain with 2% cobaltchloride for 3 min.
Rinse 4 -3 times in0.01M sodium barbiturate.
Rinse three times with distilled water.
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g. Develop in dilute ammonium sulphide for 30 s.
h. Wash well in tap water.
i . Dehydrate through alcohols to xylene and mount in DPX

iii) ATP/EDTA (reversal pattern of ATP pH 9.4)
ATP incubating solution

15 nig ATP sodium salt
m 0.18M calcium chloride (1.998 g/100 ml)
m 0.1M sodium barbiturate (2.062 g/100 ml)

7 m distilled water
Adjust to pH 9.4 with O0.IN NeOH

5
1
2

Areincubation solution

0.0584 g EDTA

20 m distilied water

Adjust to pH 4.35 with acetic acid.

Preincubate at room temperature in EDIA solutionfor 15 min.
Wash in ATP incubating solution (without ATPadded) for 3 min.
Incubate in ATP medium at 37°C for 30 min.

Rinse in 2% calcium chloride for 3 min.

Rinse in distilled water.

Place in 2% cobalt chloride for 3 min.

Rinse three times in distilled water for 3 min.

Qe ™o a o T oo

Develop in dilute ammonium sulphide for 30 s.

Wash under running tap.
j. Dehydrate in ascending alcohols, clear in xylene and mount in DPX

BHECTRON  MCROSCOPY

Techniques of fixation and tissue preparation

After removal of tissue from the patient, the muscle was placed
directly into 5% glutaraldehyde in phosphate buffer and left for 1 h at
room temperature. 0.1M phosphate buffer (pH 7.2) is made by combining
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the following:

o M WD

N o

10.
11.
12.
13.
14.

15.
16.

14 m 0.1M sodium dihydrogen phosphate (NaHzPO.,);
36 m 0.1M disodium hydrogen phosphate (NazHPCU);
50 m distilled water.

Cut specimen into small pieces (not larger than 1 x 1 x 1 mm and
fix for further 2 h in 5% glutaraldehyde in phosphate buffer.

Wash in phosphatebuffer three times for 5 min each time.
Post-fix in 1% osmium tetroxide in phosphate buffer for 2 h.
Wash in buffer three times for 10 min each time.

Dehydrate in ascendingalcohols 0f50% 70%, 80%and 0% or 1% min
in each and finally in 100%alcohol for 15 min repeatedtwice.

Clear in propylene oxide for 30 min.
Infiltrate with propylene oxide/resin (1:1) for 1 h.
Infiltrate with resin overnight.

Resin: m araldite M

15

25 m Epon 812

55 m DDSA

3 m dibutyl phthalate

Transfer to fresh resin with OW 30 added and leave for 24 h gt room
temperature, followed by embedding and a further 48 h at 60 C.
(DVP 30 is added to resin just before use - 1 drop ODWP 30 per 1 m
resin, plus 1 drop OWP 30 for each 5 m resin)

Sections are cut on glass knives and placed on 300 mesh copper grids.
Stain specimens for 3 min + in saturated aqueous uranyl acetate.
Rinse in 80% methanol.

Allow to dry.

Stain with lead citrate for 2 min.

Lead citrate: 0.25 g lead citrate

2
0.5 m concentrated sodium hydroxide
25 m filtered distilled water

Spin for 10 min at 3000 r.p.m.

Rinse for 10 s in dilute sodium hydroxide solution.
Rinse three times for 10 s each time in distilled water.
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MUSCLE TENSION STUDIES

Construction of apparatus

The apparatus used for muscle tension studies (Fig. 3) was designed
by Dr H Isaacs and Mr J.J.A. Heffron of the Neuromuscular Research Unit,
University of the Witwatersrand, Johannesburg. It consisted of a large
metal bath filled with water which was circulated constantly and main-
tained at a temperature of 37°C by a Haake E32 heating apparatus. A
small plastic bath, clamped in position, contained an oxygen dispenser

connected to a Fluotec distributor and an oxygen cylinder. An outlet
pipe provided a rapid and easy method of emptying the contents of the
plastic bath. A stainless steel mobile lever, to which one end of the

piece of muscle was attached, was fixed to a force transducer. The
signal from the force transducer was amplified and displayed by a Riken
Denshi recorder on a continuous strip chart, thus measuring the isotonic
contraction of the muscle fibres. The speed at which the graph paper
moved on which muscle tension was recorded, was 20 millimetres per minute.
Muscle twitches were produced by electrical stimulation of the muscle

via platinum electrodes which were connected to a Multi tone ten pulse
stimulator. The frequency of stimulation of muscle was once every 2.5
seconds. The duration of the impulse was 3 milliseconds and the out-

put 100 volts.

Experimental procedure
Preparati on

Fresh Krebs solution (5000 m at pH 7.4) was made up prior to
biopsy. This contained the following: 118 nM NaCl, 3.4 nM KOQOI,
0.8 "M MgSQu, 1.2 "M KHkPO:, 11.1 nM glucose, 25.0 nM NaHCO03, and
2.5 nM CaCl.6H20. The solution was neated to 37°C and maintained at
this temperature for the duration of the tests. Various concentra-
tions of caffeine were weighed out in preparation for tests on the mus-

cle.

The strip of muscle, measuring approximately 3 am by 0.75 cm, was
placed in 10 m Krebs solution (at room temperature) immediately after
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biopsy and taken directly to the laboratory. Small strips about 2.5 om
long and 0.3 cm wide were prepared. After weighing, 0.5 grade copper
wire was tied to one end of the piece of muscle to be studied. The op-
posite end of the preparation was attached directly to a fixed, steel
hook, after which the wire on the other end was hooked on to the mobile,
stainless steel lever. The mounted muscle was then immersed in the
plastic bath, which had been filled with 500 m Krebs solution (at 37°C).
This was perfused continuously with oxygen containing 5% carbon dioxide
("carbogen").

The mounted specimen was ready for the first test within twenty-one

minutes of being removed from the patient.
Method

The muscle was weighted sufficiently to obtain maximum contraction.
The resting base-line tension was established and then adjusted to 2
grammes. Stimulation of the muscle was started, and once a steady base
line had been obtained, 0.5 nM caffeine was added to the contents of the
plastic bath. Successive doses of caffeine (1.0, 2.0, 4.0, 8.0, 16.0
and 32.0 m\M) were added as soon as the maximal contraction plateau in-

duced by the previous dose of caffeine had been reached.

The Krebs solution was then replaced by 500 ml fresh solution.
4% halothane, vapourized in the Fluotec vapourizer, was administered
together with the 5% carbon dioxide/oxygen gas mixture. If the muscle
reacted in such a way that the possibility of malignant hyperthermia in
the patient concerned was indicated, the administration of halothane was
discontinued and 2 m sodium dantrolene was added to the solution by sy-
ringe. Stimulation was continued until the muscle had fully recovered.

Finally, succinylcholine was added to fresh Krebs solution when
muscle from a patient with suspected malignant hyperthermia was being
tested.

The muscle was in many cases stimulated continuously, until it had

gore into rigor.
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Data recorded

The muscle was weighed to ensure that specimens of similar size

were used for each muscle tension experiment.

The amount of caffeine (in m\) added to the muscle bathing solu-
tion and the corresponding increase in resting tension (in g), were
recorded. The amplitude of increase in muscle tension (muscle con-
traction) was measured from the initial resting base line to the
plateau, i.e. when no further increase in tension occurred following

the addition of a particular amount of caffeine.

The time (in min) taken for 4% halothane to raise the resting
tension was noted, together with the corresponding increase in muscle

tension.

Original tracings obtained from muscle tension studies have not
been included in this dissertation, since these are the personal pro-
perty of Cr H Isaacs and may be required for other research. Fur-
thermore, many tracings were far too long to be photographed. Exam-
ples of normal and abnormal tracings have, however, been included
(Appendix 4).



Figure 3.

Apparatus used for muscle tension studies.
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Figure 3a. General view of apparatus.

(Key: B - plastic bath containing Krebs solu-
tion, in which muscle specimen was immersed;

F - Fluotec distributor; H - Haake E32 heat-
ing apparatus; R - Riken Denshi recorder;

S - Multitone ten pulse stimulator)



ngure 3b. Plastic bath containing Krebs solution,

in which muscle specimen was immersed.

(Key: Arrows indicate where the respective
ends of the muscle specimen were attached;
E - platinum electrodes for stimulating
muscle; | - transducer)






Table 2. Summaries of biopsy findings and clinical assessments of

patients.*

(Key: Nare of muscle in parenthesis in first column indicates
biopsy site; A - diagnosis; CPK - creatine phosphokinase;
BM - electron microscopy; BMs - electromyography; EPL - end
plates; M5 - myasthenia gravis; M - malignant hyperthermia;
MIS - myoneural junctional studies; MNT - motor nerve
terminals; M.Str. - muscle strength; NCS - nerve conduction
studies; PVA - peroneal muscular atrophy; SVA - spinal
muscular atrophy; "S - stiff man syndrome)

*FOR MORE DETAILED ASSESSMVENTS OF PATIENTS, SEE APPENDIX 2.
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*Fiqure_4. Caffeine-induced contraction of muscle isolated

from patients with various neuromuscular diseases

and from controls.

(The abscissa indicates the concentration of caffeine in
the tissue bath, while the ordinate denotes the maximal
increase of isotonic contraction produced by addition
of the corresponding amount of caffeine)
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ura 5. Halothane-induced contraction of muscle isolated
from patients with various neuromuscular diseases

and from controls.

7ne abscissa indicates the time elapsed in minutes,
while the ordinate denotes the maximal increase of
isotonic contraction produced by addition of 4,
nalothane)
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Figure 6. Succinylcho"line-induced contraction of muscle

solated from patients with various neuromuscul

diseases and from controls.

(The abscissa indicates tne time elapsed in minutes,
while tne ordinate denotes the maximal increase or
isotonic contraction produced by addition of 2 m

succinylcholine)
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DIAGNOSTIC ~ ASPECTS

Muscle tension studies

The methods adopted initially for muscle tension experiments in
this study and based on techniques employed by Kalow et al. (1970),
were found to be too crude. The apparatus and procedure were, there-
fore, modified. The changes involved alteration of the manner in which
the muscle specimen was attached to the apparatus (see "Materials and
methods"), as well as improvement in the method of stimulation by inser-
tion of the electrodes directly into the muscle fibres (as opposed to
stimulation from outside the muscle). As a result, a far more sensi-
tive reaction was obtained, from which a more accurate and scientific
analysis could be made. The tests were conducted in the internation-
ally accepted sequence recommended in 1977 by H. Isaacs, F.R. Ellis,
W Kalow, B.A. Britt and M.A. Denborough at the second international
symposium on malignant hyperthermia, held in Denver, Colorado, U.S.A.

As was mentioned previously in the section "Materials and methods",
the muscle specimen used for the purpose of tension studies was immersed
in Krebs solution (maintained at 37°C) for the entire duration of the
tests. A solution similar to Krebs, but having a higher concentration
of calcium, was inadvertently used in preliminary experiments not docu-
mented in this report. It was interesting to note that this resulted
in the muscle losing its viability far more quickly than when the cor-
rect Krebs solution was used. The cause could perhaps be attributed
to muscle sarcoplasm becoming so saturated with calcium from the bath-
ing Krebs solution that the SR was not able to re-accumulate all the
calcium in the sarcoplasm following contraction of the muscle fibres;
and/or release of calcium from the SR may have been diminished by the
increased concentration of sarcoplasmic calcium. Consequently the fi-
ores would remain in a partially contracted state and normal relaxation
would not take place. Subsequent contractions would have decreased
amplitude, resulting in the muscle fibres losing, far more quickly,
their ability to contract. This experience demonstrated the import-
ance of having various substances present in quantities and combinations

that will ensure that an as near normal environment as possible obtains
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to that of the muscle in situ.

Another factor which became evident during preliminary studies was
that muscle rigor occurred approximately two hours following removal of
a muscle specimen from a patient. Thus, biopsy specimens could not be
transported long distances for testing, since the muscle would not have
remained viable for long enough.

Cases 29 and 30 in the present study, patients suspected of baing
carriers of MH, showed that it is unlikely that muscle tension studies
can be used as an infallible predictive method of testing for M car-
riers. Muscle in case 29 reacted only slightly to the administration
of 4% halothane. This occurred within the first 1.5 minutes of test-
ing, following which muscle tension slowly returned to normal (Table 4;
Fig. 5). Case 30, on the other hand, showed no positive reaction to
halothane. There were high CPK levels in both cases 29 and 30, alter-
ations in muscle structure at the electron microscopic level and family

histories of previous anaesthetic deaths (Table 2; Appendix 2).

Varying positivity in reactions to halothane was also observed in

several other patients (cases 1, 8, 16, 17, 18, 20, 21, 25, 26 and 27),
who were not suspected of being carriers of MH (Table 4; Fig. 5). In
all except numbers 1, 8 and 21 of the ten aforementioned cases, the caf-
feine test was carried out first, followed by a change of Krebs solution
and then the halothane test. Following detection of many positive re-
actions to halothane, it was thought that despite the change of Krebs
solution, caffeine appeared to potentiate a halothane contraction®.
As a result of these observations, the sequence of all subsequent tests
was reversed, so that the halothane test was carried out before the caf-
feine test. Consequently, the positive reactions to halothane obtained
in cases 1 and 21, who were believed not to be carriers of MH could not
be accounted for (Table 4; Fig. 5). No caffeine test was carried out
in case 8, but the positive reaction of muscle obtained from this

Calculations from results in this dissertation showed that 6% of ca-
ses reacted positively to halothane when the halothane test was carried
out prior to the caffeine test, while "64% of cases reacted positively
to the administration of halothane when the caffeine test was carried
out before the halothane test These results indicated that caffeine
did, in fact, appear to potentiate a halothane contraction.
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patient to the administration of 4% halothane, together with positive
results in other tests, led to this patient being considered a possible
carrier of MH (Table 4; Fig. 5).. From the abovementioned results
concerning the reaction of muscle to halothane, it became evident that
it is possible to obtain both false positive results (in some neuromus-
cular disorders) and false negative results (in known carriers of M -
Bradley et ai. (1973) and the present study). These findings support
the statement made by lIsaacs (1977) tnat: "There is at the present
time no infallible predictive test to identify the carrier-state of MH'
and chat "... the occasional case will defy identification".

Perhaps the negative response to halothane obtained in vitro for
known carriers of MH could be compared to the in vivo reactions ob-
served by Aldrette in 1977 (Dr H Isaacs, personal communication).

This worker found that a MH carrier may react adversely to halothane
administration on one occasion and show no reaction to halothane on a
subsequent occasion(s), or vice versa. This was also demonstrated by
Mogensen et al. (1974). Emotional stress has been thought to contri-
bute to predisposition to MH in vivo (Mogensen et al., 1974; Wingard
and Gatz, 1977), thus accounting for the variable reaction to halothane
anaesthesia seen in the same individual (Mogensen et al., 1974). A
possible explanation for the negative in vitro response may be that,
owing to the absence of neural influences from higher centres in vitro,
environmental factors such as emotional stress are eliminated.

Case 28, a known carrier of MH from previous biopsy results (Dr H
Isaacs, personal communication; initial tracing not available), was
given 8 mg/kg of sodium dantrolene orally, four hours prior to the
second biopsy. On exposure of the muscle specimen to 4% halothane,
no reaction was obtained (Table 4). However, when 6% halothane was
administered a gradual increase in muscle tension to 1.53 grammes oc-
curred during the first 3 minutes, following which tension decreased to
its original resting level within a further 4 minutes. When 6% halo-
thane and 2.5 ml succinylcholine were subsequently added simultaneously,
tension increased only slightly, and then returned to normal within 5
minutes. The use of orally administered sodium dantrolene to prevent
the development of MH in susceptible swine, has been discussed by var-

ious authors (Anderson and Jones, 1976; Gronert et aj_., 1976;
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Case 28, a known carrier of MH from previous biopsy results (Dr H.
Isaacs, personal communication; initial tracing not available), was
given 8 mg/kg of sodium dantrolene orally, four hours prior to the
second biopsy. On exposure of the muscle specimen to 4% halothane,
no reaction was obtained (Table 4). However, when 6% halothane was
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curred during the first 3 minutes, following which tension decreased to
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ious authors (Anderson and Jones, 1976; Gronert et al., 1976;
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Harrison, 1977; Kerr et al., 1977; Flewellen and Nelson, 1980);
and, more recently, it has been shown for man (Pandit et_a1_., 1979).
It is thought that sodium dantrolene blocks the excitation-con traction
coupling mechanism by suppressing the amount or calcium released from

the SR (Eliis and Carpenter, 1974; Putney and Bianchi, 1974).

As stated previously, caffeine appeared to potentiate a halothane

contracture when administered before halothane. However, halothane

did not appear to precipitate a caffeine contracture when the order in
which the tests were carried out was reversed. This was established
by comparing caffeine contractures when the caffeine test was done first
(early graphs not documented in this study but which were included in
the comparison under discussion) with results from when the tests were
reversed and halothane was administered first. Muscle from MH carriers
has been shown (by means of muscle tension studies) to be more sensitive
to caffeine than normal muscle (Kalow et al., 1970). However,
pcars from the present study (Table 3;

it ap-
Fig. 4) that diseased muscle in
generalis also frequently more sensitive to caffeine than normal mus-
cle. When the halothane test preceded the caffeine test,

79% of muscle specimens from patients with different neuromuscular dis

orders reacted much sooner to the addition of caffeine (i.e.

approximately

reacted
significantly before the addition of 4 nM - Table 3; Fig. 4) than did
muscle from normal patients. Even when all132+ tracings done by the
author over the three-year period were takeninfo account, a similar
percentage was obtained. This abnormal response to caffeine of di-
seased muscle in various neuromuscular disorders may be attributable to
abnormal uptake and/or release of calcium, either from the SR or sarco-
lemma, as a result of destruction of muscle fibres. It has previously
been suggested that the reason for the positive reaction of muscle to

caffeine and halothane in MH patients could be a consequence of either

of these two abnormalities (Britt et_al_., 1973). Whatever the cause
may be, the above results contribute to showing the invalidity of tins
test as a single predictive means of detecting carriers of MH - i.e.

because diseased muscle in general may react to caffeine in a similar

way to that of carriers of MH

* 83 or these patients were assessed clinically by the author1.
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Caffeine tests were not carried out in cases 7, 3, 3% and 0O, since

the muscle specimens concerned were tested in early experiments when

the procedure was to use only halothane and succinylcholine. The caf-
feine graph for case 11 has not been included, since the muscle did not
remain viable long enough to enable the test to be completed. Case 23,

whose muscle proved to be normal on histological and histochemical exa-
mination, and who was clinically abnormal on'y in the presence of weak-
ness of the ocular muscles and diplopoea (Table 2; Appendix 2), showed
very little reaction to caffeine. Cases 1, 4, 25 and ¢/ also reacted
fairly normally to caffeine (Taole 3; Fig. 4). Case 18, on the otner
hand, although initially more sensitive to caffeine than is usual, was
not greatly affected by further addition of the drug (Table 3; Fig. 4b).
No one type of disease appeared to be more sensitive to caffeine than
another. Clinical symptoms did not appear to correlate with caffeine
or halothane contractures either. Even those cases having similar clin-
ical pictures and histological and histochemical findings did not produce

similar reactions to halothane or caffeine when muscle was tested.

As is well known, various anaesthetic agents other than halothane
and sue .r.ylcholine have been shown to cause MH incidents. Case 3,
when anaesthetized (general anaesthesia) for the purpose of obtaining
biopsy material, reacted adversely to the administration of methohexital.
When given 2 ml of methohexital to induce relaxation for the purpose of
intubation, the patient went into opisthotonus for approximateiy 1.5
minutes, after which relaxation occurred and it was possible to complete
the operation. Because of this adverse reaction, methohexital was in-
cluded as one of the media for in vitro testing. Muscle tension studies
revealed a similar reaction to that which had occurred during anaesthe-
sia. The muscle contracted initially when the drug was added and subse-
quently relaxed. It should be noted that this was the only patient in
whom a positive response to succinylcnoline was obtained in vitro
(Table 5; Fig. s). In view of this fact, as well as the positive re-
action to methohexital and slightly elevated CPK level, this patient was
considered to be at high anaesthetic risk™*.

* Excessive release of calcium into the sarcoplasm occurs in these cit
cumstances.
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Histology and histochemistry

Histological findings and results of histochemical tests carried
out on nerve and muscle biopsy specimens, were studied in conjunction
with the initial clinical assessment of each individual. It was noted
that the degree to which muscle was altered by the disease process often
did not correlate with clinical findings. 'h1s was probably because
muscle selected for biopsy was frequently only moderately affected by
disease. Had the most severely affected muscle been chosen, correla-
tion may have been more accurate; but owing to extensive destruction of
muscle in the more affected areas, biopsy of such muscle would not have
provided the necessary information as to the nature of the pathological
changes taking place. When biopsy results from patients who were clin-
ically similar to each other and having the same disease were compared,
a marked similarity was usually observed, e.g. cases 9 and 14; 10 and
16; 20 and 21; and 4 and 5 (Table 2; Appendix 2). No comparison
could be made and no correlation was expected with regard to clinical
picture and biopsy results in carriers of MH, owing to the di/ersi.y om
subclinical myopathies associated with this syndrome. Nerve findings
in general were non-specific, except in cases of peroneal muscular a-
trophy (PMA), where observations such as "onion-peeling" in sural nerve
biopsy tissue were indicative that the hypertrophic type of PVA was in-

volved.

Electron microscopy

Electron microscopical observations have been included in this
report only in special cases, such as for suspected carriers of MH or
in regard to significant findings not observed on histological and his-
tochemical examination at the light microscope level. Cases 28, 29
and 30 were all suspecteo carriers of MH Cases 28 and 30 had an in-
creased number of mitochondria, appearing in rows in case 28 (able 2,
Appendix 2). In cases 29 and 30, there was evidence of folding of the
basement membrane. @ Myofibrillar depletion was observed in cases 28 and
30, while in cases 29 and 30 there was loss of myofilaments (Table 2,
Appendix 2). These structural changes, all of which were previously
known to occur in carriers of MH provided additional evidence relating

to diagnosis of the condition in these patients. ttrastructural



studies in case 8 revealed several very enlarged mitochondria showing
loss of cristae (Table 2; Appendix 2). Lipid was seen in many degen-
erating mitochondria. These observations in case 8 contributed to tne
child being regarded as a suspected carrier of MH Of note in case 2/,
were distended mitochondria with ruptured cristae and areas of myofila-
mentous and Z-line disruption (Table 2; Appendix 2). hese tine
structural details, together with the very positive reaction of tne
muscle of this patient to halothane in vitro (despite the possibility
that the caffeine potentiated a halothane contraction , should per laps
be regarded as an equivocal diagnostic result as far as MH is concernec.

Electroneuromyography

Electromyography (EMG) is a preliminary means of determining whe-
ther the underlying pathology is the result of neuropathic or myopathic
changes. Although BMS results in most diseases are non-specific, they
can be of diagnostic value when considered together with other findings.
BMG can reveal where active denervation is present, as in case y. rur"
thermore, data summarized in Table 2 confirm that the presence of high
voltage polyphasic activity is a most valuable indication or denerva.ic
wnich has been followed by reinnervation. In many of the chronic
neuropathies, adjacent healthy neurones sprout to take over a larger
number of muscle fibres, thus increasing the voltage, duration and snape

of the motor-unit activity.

Myoneural junctional studies are of great value in the diagnosis
of myasthenia gravis (MG), where a typical picture of rapid fatiguing
of muscles (i.e. a progressive decline in amplitude of muscular response
is demonstrated by repeated stimulation of a nerve (e.g. cases 17 to 2"

Table 2; Appendix 2).

Motor nerve conduction studies can facilitate the diagnosis oi
cases involving the hypertrophic form of PMA in which conduction velo-
cities are markedly slowed On the other hand, conduction study re-
sults in MG for example, are normal. Consequently, dG and nerv-
conduction study findings, when considered together with other intona-

tion, serve as a fairly positive means of diagnosing Ma
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Prognosis

When initial clinical assessments were compared with those done
later on, it became evident in retrospect that the histological and his-
tochemical information, together with initial clinical data and know-
ledge of the "usual" pattern or course followed by individual diseases,
normally provided a fairly accurate guide as to the expected rate of
deterioration of each patient in ensuing years. However, owing to the
unpredictability of disease, the prognosis can sometimes be wrong. For
example, case 2 (one of spinal muscular atrophy), who at the time of
biopsy showed evidence of active breakdown of muscle fibres, hau altered
very little in clinical picture when re-assessed 1&years later ( able 2;
Appendix 2). A far more marked deterioration in muscle strength had
been anticipated on the basis of biopsy findings than was actually found
on re-assessment. This illustrates why biopsy results are used only as

a general guide as to how the disease is likely to progress.

PHYSIQTHERAPO'UTICAL AND RELATED ASPECTS

As far as physiotherapy per se is concerned, nine patients were
treated by the author. Sone of these have not been included in this
study, as several of the conditions involved did not correspond with the
five categories finally selected for this report. A factor which re-
duced the number of patients who in the normal course of events might
otherwise have oeen treated (either by the author or by another physio-
therapist) was that several patients lived on farms some distance from
a town or were stationed in places where physiotherapy was not available.
Other patients were not prepared to have physiotherapy. It would have
been preferable for every patient to have received physiotherapy, but

this was not possible under the circumstances.

As is well known, active exercise aggravates the condition MG
these patients becoming weaker with repetitive movement. When ques-
tioned, all patients with M5 included in this study (with the exception

of those with the purely ocular form of MG) stated that they became



33

weaker with increased activity. Unless there is actual improvement in
the disease, either following surgery (thymectomy) or the administration
of drugs such as pyridostigmine, it is not possiole to improve a
patient's vital capacity or exercise tolerance, in view of the involve-
ment of the muscles of respiration. Consequently, in patients with
associated respiratory symptoms, but not so severe as to require mechan-
ical ventilation, it js necessary to teach the patient an economical
breathing pattern and about lung clearance, in order to prevent chest

infections (common in these patients) from occurring. Such patients
should also be advised that in the event of a chest infection developing,
the necessary drugs prescribed by the doctor should be taken. Physio-

therapy during this period would be advisable in order to reauce possible
strain on other organs, which could result in deterioration in general
health and restriction of normal daily activities.

Chest infections are also fairly conmon in the intermediate and mild
forms of SMA, even when there is no associated scoliosis and/or kyphosis
(Dubowitz, 1977a; Benady, 1978). As a result of these studies, and
following the demise of a patient (case 4; Appendix 2), who had a mild
kyphoscoliosis, the importance of chest physiotherapy and of educating
families of such patients had become very evident to the present author.
The cause of death in case 4 was established as respiratory failure fol-
lowing a chest infection. The kyphoscoliosis, although not severe at
the time of assessment, caused a restrictive lung condition which re-
sulted in decreased lung function. As a consequence, this child was
very susceptible to chest infections. However, despite her deformities
and marked generalized muscle wasting, she was completely functional *

and coped well at school.

The question raised here, therefore, is whether instruction of
parents and families of patients with the intermediate and mild forms

* It bad been established by means of muscle biopsy that she was afflict-
ed with a slowly progressive form of SMA the long-term prognosis being
fairly good. Because of this, the physician concerned decided not to
apply a piastazote jacket or Milwaukee brace, since either of these me-
thods of limiting further deformity would, at this stage, not only have
restricted her normal functional activities, but would also have de-
creased chest expansion and mobility, resulting in more rapid deterior-
ation of general muscle strength.
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of A (with or without scoliosis) would not be appropriate. They
could be shown how to assist these patients in maintaining as near maxi-
mal chest expansion and lung clearance as possible at all times. This
would help prevent recurrent chest infections; and in some instances
(as in case 4), premature deatn. Furthermore, patients could be ad-
vised to have physiotherapy when chest infections do occur. At this
time, drugs and aids such as intermittent positive pressure breathing
could also be given, which would obviate the need for patients to be
confined to bed for longer than really necessary. A further considera-
tion is that because the intercostal muscles are effected, "frog breath-
ing
This would increase alveolar expansion, causing release of surfactant

(a passive, positive pressure form of breathing) could be taught.

and resultant increase in alveolar patency, thus maintaining fairly good
lung function. This breathing technique could also be taught to pa-
tients immobilized in a brace, where lung and chest expansion are re-
stricted. Further studies are needed to establish whether chest
physiotherapy could play an important role in preventing lung infections
in these patients. Consideration should also be given to whether early
bracing of patients with a mild scoliosis (as recommended by Dubowitz,
1977a,b) is desirable. This course of action would presumably inhibit
functional activities, resulting in a concomitant decrease in muscle
strength. The alternative of later immobilization, preceded by inten-
sive chest physiotherapy, might prove to be a better approach to manage-

ment of the condition.

Five patients received regular physiotherapy (Appendix 2). Three
suffered from SVA (cases 7, 2 and X, the last mentioned being the sister
of case 2); and two had AVA (cases 9 and Y, the latter being similar to
case 9, although affected to a slightly greater degree by the disease).
Details concerning cases X and Y are not given in this dissertation be-
cause not enough muscle was available following biopsy to enable muscle
tension studies to be performed. There was marked improvement in the
functional abilities and activities of all five patients (Table
Appendix 2), following varying periods of treatment. However, when
individual muscles and muscle group actions were tested in cases 2, X
9 and Y, it was found that muscle strength had remained unchanged from
the time of original assessment, except in case 9, in whose upper limbs
muscle strength had deteriorated slightly (Appendix 2). From this, one
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can only surmise that although the strength of individual muscles did
not improve, these patients not only learnt trick movements, but also
learnt to compensate for their disabilities by effective use of gravity,
body weight, momentum and several other means such as the use of muscles

i- the strongest range of motion. Questioning revealed that physiother-
apy had a beneficial psychological effect on the parents by altering
their mental attitude and approach towards their children. They stated

that once therapy had commenced, they no longer felt as helpless as be-
fore, since they were able to assist in their childrens' "rehabilitation"
by trying to continue teaching the children what was taught to them by

the therapist during treatment periods. Besides this continuous exer-
cise programme, the psychological "boost" provided by the parents may
also have contributed towards the patients' improvement. Case 7, who

had a very mild form uf SMA improved not only functionally, but also in

muscle strength.

Case 27 was also treated by physiotherapeutic means, but only for a
limited period (Appendix 2). This interesting patient was difficult to
treat because of the unknown aetiology of stiff man syndrome (SMS), as
well as the profound influence of extraneous factors such as noise and
touch on muscular spasms. It was impossible to establish whether the
slight improvement in function was attributable to drugs alone or to a
combination of drugs and physiotherapy. It has been stated in two pub-
lications that cold (weather) aggravates the condition V5 (Moersch and
Woltman, 1956; Maiua et al., 1980), while in one case it was found that
heat treatment resulted in an improvement in the condition (Maida et al.,
1980). It would have been interesting to have compared cold and heat
as forms of therapy, but unfortunately the child was removed from hos-
pital and could not be traced.

An interesting observation concerning one of the patients with PMA
case 14, was that clawing of the toes had been reduced following the
continuous wearing of orthotics for a period of ten months (Appendix 2).
This was especially noticeable on the right foot, where the toes were
almost straight. dilateral pes cavus was not as marked as previously
and the patient could walk, run and climb stairs far better than before.
She stated that her ankles were more stable when wearing the orthotics.

Further investigation is required to establish whether the wearing of
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orthotics does, in actual fact, improve the functions of the feet; or

whether it was pure chance that this occurred in this patient.

As stated in the materials and methods section, biorsy specimens
were removed from muscle which was clinically only mode atsly affected
by the disease process, in order to make an accurate diagnosis. At the
same time, this makes the correlation of clinical picture with biopsy
findings rather difficult, since one cannot be sure that the muscle
selected in different patients is representative of the same stage of
the disease. Another factor contributing to inaccuracy of correlation,
not only with biopsy findings, but also when determining the degree of
improvement or deterioration in a patient's condition, is that at present
no really accurate method of assessing muscle strength is available.
The system chosen for this study was that of Daniels et al. (1956); and
documentation of grading that of Kendall and Kendall (1939). this is a
subjective and relatively simple method of assessing muscle strength, and
one requiring no apparatus. However, experience in applying the tech-
nique and knowledge of variables such as the following and how these af-
fect muscle strength are essential when this method of assessment is
used: age, sex, occupation, sporting and other activities, general
health, pain, temperature, fatigue, muscle bulk, psychological attitude,
motivation and several others. Despite possession of this knowledge and
experience, it is inevitable that results will nevertheless sometimes
differ. This occurs as a result of the inability of an individual to
apply exactly the same amount of resistance every time when performing
the test, differences in muscle strength of assessors, and differing
interpretations of the various grades of strength by individual assess-

ors.

The Cybex Il (Elliott, 1978), a modern, sophisticated apparatus
from which data obtained can be computerized and more accurately com-
pared, provides an objective means of testing muscle strength. It was
unfortunate that this expensive machine was not available for the our
poses of the present study. However, although at the present time *nis
highly technical method appears to be the most effective and accurate
way of assessing muscle strength, it too, has its limitations,
include inability to test several muscles around the shoulder girdle,

and only being able to resist, in isolation, the rotatory component
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involved in certain muscle actions.

Another problem encountered when initially assessing muscle
strength of a patient in whom the entire body is to a greater or lesser
extent affected by disease, is that it is impossible to know what the
patient's strength was prior to onset of the disease. One can only
compare the patient in question with another, similar, normal person,
taking all the variables mentioned previously into consideration, as
well as the patient's account of how strong he or she was and how much
muscle wasting had occurred. This method is a very subjective and un-

scientific means of testing muscle strength.

The field of assessment of muscle strength requires far more study
in order to establish a method of testing which would take into account
all aspects of muscle action. Muscles very seldom act in isolation.
Rotation is incorporated in most movement and functional activities, yet
the methods used most extensively for testing muscle strength attempt to
isolate individual muscle actions and involve movements in the cardinal

planes.

With the rapid advancement of computer technology, a future method
of assessing "original" muscle strength in a patient with generalized
muscle weakness may simply involve feeding results obtained from assess-
ments of patients (using highly technical and accurate apparatus and
methods) into a computer. This information could then automatically
and rapidly be compared with a selected number of previously established,
normal control groups. Initially, this would involve determining the
mean muscle strength of many similar, normal individuals, either by
means of the Cybex I|l, or an even more accurate and sophisticated ap-
paratus, not yet devised. Variables such cs age, sex, occupation,
muscle bulk, sporting and other activities, psychological influences,
balance and co-ordination, initial muscle resting tension, range of mo-
tion of joints and general health and metabolism* would all have to be
considered (and tested) when planning the selection of normal, control

groups. Full-length photographs of patients prior to onset of disease.

* This would include cardiac and lung function tests, which would take
into account many important individual differences, such as circulatory
variations, endurance, etc.



88

as well as a subjective account given by patients of their muscle
strength, could be computerized for purposes of comparison; and may
provide additional useful, supplementary information. All tests would
have to be carried out under strictly controlled environmental and other
conditions: these including temperature, noise, lighting, comfort,
starting positions, lead, speed of contraction, resting period prior to
testing, number of times each activity is performed, and the time inter-
val between the testing of each muscle or muscle group. It would al*o
be necessary to ensure that the patient has practised all the movements
and understands what is required of him/her.

Although this sounds not only like a major task, but also a high.y
hypothetical situation, it may not, in fact, be all that far-fetched.
If research into the different areas were to be started by many investi-
gators (including physiotherapists, engineers, kinaesiologists, physiolo-
gists, etc.) in an attempt to devise the ideal testing apparatus and
methods, this would orobably not prove to be as difficult as it may seem
Once achieved, these new techniques would become a matter of routine.
This new method of testing muscle strength would be an invaluable aid,
not only to physiotherapists, but also to practitioners, researchers in
sport, physiologists, etc., thus opening up a whole new field of study
for further research.

During the course of the present study, the author became familiar
with several techniques which provided her with a better knowledge and
understanding of the structure and functions of muscle. This back-
ground knowledge will assist the author in future studies, which will
attempt to supply scientific explanations for results obtained following
use of one (or more) of the many physiotherapeutical techniques employed

in the treatment of patients.
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Muscle tension studies were carried out in order to evaluate the
technique as a single, diagnostic test for carriers of WMH Results of
investigation of muscle specimens from patients with various neuromuscu-
lar disorders, including MH carriers and normal people, showed that this
test is not as reliable as originally thought. Both false positive and
false negative reactions to the administration of 4% halothane were ob-
tained. Although muscle from MH patients was more sensitive to the ad-
dition of caffeine than normal muscle, that of patients suffering from
other neuromuscular diseases appeared, on occasion, to be abnormally
sensitive as well This finding indicated that muscle tension studies
can only be used as an additional means of testing suspected carriers of
MH Histological, histochemical. electron microscopical and electro-
neuromyographical findings alone, proved to be non-specific in the de-
tection of patients with VH When considered together, however, these

techniques isolate the carriers of WVH

Patients who received physiotherapy all improved functionally to a
varying extent, even though muscle strength remained unchanged. This
demonstrated the need for physiotherapy, both to assist these patients
with their functional activities, and because improvement in this respect
gives the patient psychological support. The latter aspect is also im-
portant as far as the families involved are concerned; and the need to

show families how to assist affected patients, became evident.

From observation of patients with associated respiratory symptoms,
the need for chest physiotherapy became apparent, not only so that the
patient can be taught an economical breathing pattern in order to main-
tain as near maximal chest expansion as possible, but also to ensure as

effective lung clearance as possible. This may assist in prevention of
recurrent chest infections (common in these patients). Families of
patients could be shown how to help maintain a clear chest. They should

emphasize the importance of this to the patient, and by so doing would

provide psychological aid.

The need for further research in the field of muscle testing tech-
niques became obvious. At present, no truly accurate, objective methods
or apparatus are available for assessing and comparing patients with gen-
eralized muscular weakness; and which take into account all the aspects

involved in muscle action.



APPENDI X 1

THE ASSESSVENT FORM USED

(Assessments were carried out prior to biopsy
because some patients experience pain and
slight loss of function following biopsy.
Also, patients from whom nerve tissue is re-
moved, lose sensation in the area supplied

by that nerve)



ASSESSMENT

NAVE:
ADDRESS:

Hoe Tel. No.
OCCUPATION:

Business Tel. No.
AGE:
DIAGNOSIS:

SUBJECTIVE

1. Early History:

Surgery -
Previous medical treatment - Effects -

Previous physiotherapy -
2. Recent History:
General observation -

General Health -

Weight - previous ........ccce...... Date
present .......ccocceeiennes Date

Psychological attitude -
Habits -

Onset and history of illness -

Present medication - Effects -



3. Family history:
4. Social history:

5. Daily functional activities:

Capabilities I

6. Recreational activities:

Sport - previous

present

Comments -

Hobbies - previous

present

Comments -

7. Observation:

Skin - texture

colour
Nails -

Muscle bulk -

Cedema -
Scars -

Lesions -
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ttlcu 1~~



OBJECTIVE

Palpation and measurement:

Oedema -

Skin temperature -
Sweating -
Muscle bulk -

Scars -

Tenderness -

Muscle activity -

Sensation:

Skin Hot/cold — Severe loss
Sharp/blunt — Total loss

Light touch/pressure —

Vibration sense -

Joint position sense -

Stereognosis -
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10. Reflexes:
Cutaneous reflexes - abdominal
sole of foot

Tendon reflexes - knee
ankle
el bow

11- Muscle power and joint range: Range of notion

Right Left Active Passive

Supine:
Neck flexion
Trunk flexion
Trunk rotation
Pelvic elevation
Hip external rotation
Hip internal rotation
Knee extension

Foot dorsiflexion
(with inversion)

Foot “version
(from plantarflexion)

Foot inversion
(from plantarflexion)

Toe flexion
Interphalangeal joints

Metatarsophalangeal joints
Toe extension
Hallux flexion
Hallux extension

Shoulder horizontal flexion
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Range of motion
Right Left Active Passive

Side lying:
Hip abduction
Hip adduction
Prone:
Neck extension
Trunk extension
Hip extension
Knee flexion

Scapular adduction
with upward rotation

with downward rotation

Scapular depression
(with adduction)

Shoulder extension

Shoulder abduction
(horizontal)

Shoulder external rotation
Shoulder internal rotation
Elbow extension

Sitting:
Hip flexion

Hip flexion, abduction and
external rotation

Scapular elevation
Scapular abduction
Shoulder flexion to 90(
Shoulder abduction to 90°
Elbow flexion

Foreanr supination



Right Left
Forearm pronation
Wrist flexion
Wrist extension

Finger flexion
Interphalangeal joints

Metacarpophalangeal joints

Finger extension
Finger abduction
Finger adduction
Thumb flexion

Thumb extension
Thumb adduction
Thumb abduction
Thumb opposition

Standi ng:

Ankle plantarflexion
with knee extended

with knee flexed
Hand grips: Pineer
Power
Hook
Key

Lumbrical

Dominant hand:

Facial muscles:

Jaw muscles:
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Range of motion

Active

Passive



12.

13.

14.

15.

16.

17.

18.

19.

Function and balance: (in the developmental sequence)

Co-ordination:

Posture:
Gait:

SUBJECTIVE AND OBJECTIVE
Speech, tongue movements, swallowing:

Hearing:

Vision:

Respiratory function:



ADDITIONAL  RESULTS

20. X-rays: (Date ......cccccoernnnns )

21. Blood tests:

22. Serom enzyme tests:

23. Other:

LATER RESULTS

24. Electroneuromyography:

Electromyography -

Nerve conduction studies

Myoneural junctional studies -



25. Histology:

26. Histochemistry:

27. Nerve studies:

28. Electron microscopy:

23. Muscle tension studies
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APPENDIX 2

SUMVARIES CF CASE HISTORIES®

* (Grading of muscle strength: Normal, good, fair plus, fair,
poor, trace, zero. For further details, see Kendall and
Ken(all, 1939)
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SPINAL MUSCUAR  ATRCPHY
(SMA)
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CASE 1 (K.R.)

This lean, 15-year-old, white girl had been treated for two years
for an idiopathic scoliosis and had been wearing a Milwaukee brace for
18 months. It was subsequently noted that she nad marked winging of
the scapulae and she was referred to Dr Isaacs for BM5 studies and mus-
cle biopsy. Questioning revealed that there were other members ot the
family with kyphoscoliosis. The only abnormality she had noticed was
that following gymnastic classes at school, her "arms" became very weak
and she could not lift herself up. She took part in other sports as
well, but with no ill effect.

On examination, there was slight generalized muscular weakness,
this being more obvious in the upper than the lower extremities. There
was marked wasting of the serratus anterior and pectoral is group of
muscles; and the latter showed evidence of digitation, strength being
fair plus. There was slight weakness of some of the muscles in the
hands, although her grips were strong. She had a marked scoliosis,
pronounced lumbar lordosis and thoracic curve, with associated winging
of the scapulae. Her gait was normal and balance good. Sensation was

normal.

B - Muscles of the upper extremities, neck and back were examined.
Most muscles showed an increase in polyphasic activity but on the whole
the voltages were normal. Several of the muscles, particularly serra-
tus anterior, showed a marked fall-out of motor-unst activity.

NCS - These were normal.

Muscle tension scudies - See Figs 4a and 5; and Tables 3 and 4.

Muscle biopsy - Specimens we. _ removed from the deltoid muscle. O
hi stological examination, the muscle fibres appeared fairly normal.
Histochemical study, however, showed gross abnormality. There was
grouping of both fibre types. Some type 1 fibres showed evidence of
targetoid formation and had a "moth-eaten" appearance.
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Re-assessment - This patient was seen 10 months later and there was no
evidence of deterioration or improvement. She was still very active

and was playing the same sports as before.

CASE 2 (K.V.)

This 21-year-old, white girl's development was apparently normal
unci i she started walking. Although unable to walk unaided, she was
observed to have a distinct Trendelenberg gait when led by the hands.
At the time, her parents thought that she was copying her 5-year-old
sister who also had spinal atrophy and walked with a marked irendelen-

berg gait.

On assessment, strength in the upper limbs was found to be good,
while in the lower extremities it was poor to fair, with the exception
of the ankles, which were fair plus. Strength of the trunk muscles was
fair plus. Reflexes were all absent. Gait (when holding on to ob-
jects) was poor owing to pelvic instability, and she fell quite often.
No fasciculation of tongue or skeletal muscles was noted and there was
no bulbar involvement or respiratory difficulty, although it was report-
ed that she was prone to chest infections during the winter months,

s' ght tremor in the upper and lower extremities was apparent. There
was no evidence of any sensory disturbances. The CPK level was raised

(to 238). The family history was negative.

BV - Muscles of the upper and lower extremities were examined. Many

of the motor units were polyphasic in appearance, the motor-unit activi-
ty being of high to normal voltage. There was no evidence of any low-
voltage myopathic units.

NCS - These were normal.

Muscle tension studies - See Fig. 4a; and Tables 3 and 4.



PERONEAL MUSCUAR  ATROPHY
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NCS - These were normal.
Muscle tension studies - See Fig. 4a; a«,. Tables 3 and 4.

Muscle and nerve biopsy - Muscle samples were removed from the peroneus
brevis muscle. Nerve tissue was taken from the sural nerve. H tology
revealed widespread areas of grouped fibre atrophy. Many small, angu-
lated fibres were present, as will as some hypertrophic fibres. Histo-
chemical studies showed grouping of both fibre types. Hypertrophic
fibres were of both the type 1 and type 2 varieties. Tyne 1 fibres
showed targetoid , nation and had a "moth-eaten" appearance.

Sural nerve studies showed grouping of nerve fibres of the same size, as
well as loss of fibres. Sore fibres showed evidence of degeneration of

myelin. There was no "onion-peeling”.

Re-assessment - This patient was seen one year later. He went to the
army one month after the biopsy had been carried out and was discharged
2 weeks later because he could not walk. Oh re-assessment, his muscle
strength was found to have deteriorated. The patient explained that

his upper limbs were weak and that he could no longer take part in sport.
He fell far more often than before, and was unable to run very fast be-
cause lie "tripped over his own feet' . He could not skip. His ieft
ankle was said to be permanently swollen and painful; and some days it
vas so bad that he was unable to walk. The patient also found that his
left leg tired rapidly. Onh examination, there was marked wasting of
both legs, especially on the left side. Slight wasting of the small
muscles of the hands was also noted. He walked with a distinct limp

and when weight-bearing on the left lower limb, he hyperextended the
knee. Hvperextension of the knee was also seen in standing. He had a
slight equinovarus deformity of the foot on the left when walking and
most of the body weight was distributed on the lateral border of the foot.
When he was tired, the equinovarus was accentuated and caused him to trip
and fall. General muscle strength was slightly weak, with the excep-
tions of toe extension, which was poor; ankle dorsiflexiun, eversion and
plantarflexion, all of which were fair; elbow extension, which was fair;

and adduction of the right index finger, which was zero. The left side
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Muscle biopsy - Tissue was removed from the vastus lateral is muscle un-
der general anaesthesia. His :01ogical and histochemical studies showed
evidence of large areas of grouped, atrophi® muscle fibres. Many of
the type 1 and type 2 fibres were in the process of active breakdown.
Muscle was under-developed in some areas, while in other parts, several
fibres had become hypertrophied and contained centrally orientated
nuclei. There was excessive branching of motor nerve terminals and
many motor end plates were small and club-like, while others were ab-
normally large. Myelin deposition of nerve terminals and intramuscular

nerves was irregular.

Re-assessment - When re-examined 1J years later, having had physiother-
apy during the intervening period, there was little evidence of any
deterioration in muscle strength. Functionally she had improved.
Whereas previously she was unable to walk independently or ride her
tricycle, she was later able to do so, although she still had a marked
Trendelenberg gait and walked with hyperextendad knees and her arms in
abduction. Her balance in standing was poor and she was still unable
to kneel. Physiotherapy had included: assistance with functional ac-
tivities, general strengthening techniques including proprioceptive
neuromuscular facilitation, exercises on the pezzi ball, and the neuro-

deveiopmental (Bobath) method of treatment.

CASE 3 (C R.)

This very thin, Bg-year-old, white girl was abnormal virtually from
birth and was unable to hold her head erect at the correct age, although
her mother thought that she was able to sit unsupported at 6 months.

The child's weakness remained undetected until she was 1 year old.

When she commenced walking at approximately two years of age, her gait
was seen to be abnormal ana she fell quite often. She was subsequently
never aole to run, had difficulty walking up inclines or climbing stairs
and tired very quickly. She had received anti-influenza injections
annually, because of susceptibility to chest infections. She was doing
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deteriorated and that she had several successive chest infections dur-

ing th* intervening period.

CASE 4 (S.B.)

A 48-year-old, white man presented with an 8-year history of pain
and progressive weakness in the upper extremities. It commenced with
pain in the shoulders and rapid fatiguing when raising the arms above
the head. During the ensuing years, his upper extremities became weak-
er and he experienced burning sensations in various parts of the body,
particularly over an area on the left thigh, dorsum of the left foot and
in the upper limbs. He also noticed that his condition became very
much worse in cold weather; and during strenuous exertion, the muscles
readily went into cramo. No family history of neurogenic disorder
could be ootained.

On examination, there was marked wasting of the small muscles of
the hands and the muscles of the left leg, particularly tibialis anteri-
or. Generally, muscle strength was good, although in the more distal
muscles of the upper and lower extremities it was fair to fair plus.
Range of motion (both active and passive) of all joints was normal, ex-
cept for active dorsiflexicn of the left foot, which was limited by 10°.
Reflexes in the upper extremities were brisk as were the knee jerks,
while both ankle tendon reflexes were depressed. Posture and gait were
normal.

Muscle tension studies - See Fig. 4a; and Tables 3 and 4.

Muscle biopsy - Tissue was removed from the vastus lateralis muscle.
Histological studies showed marked variation in fibre size, evidence of
scattered atrophy of fibres, slightly increased central nuclear migra-
tion, and an increase in the amount of fibrous tissue. Histochemistry
revealed grouping of individual fibre types. Type 1 fibres showed evi-
dence of targetoid formation and had a "moth-eaten" appearance.



Re-assessment - When seen one year later, the patient's condition had

remained unchanged.

CASE 5 (P.E.)

A 44-year-old, white man presented with weakness of his left lower
extremity. He was unable to run and as a result was no longer able to
play tennis or football. He experienced difficulty climbing stairs
and had to use his arms, by pulling on the banister. he also noticed
that he tired quite easily. His ailment had first commenced 3 years
previously when, following a 2-mile walk, he became dizzy and started
staggering. This was accompanied by a strange loss of feeling in the
fingertips of his left hand but which lasted only a few days. He sub-
sequently complained of a "floppiness" of his left lower extremity, a
condition which never seemed to resolve. There was no family history

of any neuromuscular disorder.

On examination, muscle strength in the upper extremities was found
to be normal. There was slight wasting of the left lower extremity,
with slight weakness of the right lower extremity and in the abdominal
muscles. The left lower extremity was weaker than the right, muscle
strength being nevertheless fair plus, especially hip abduction, ankle
eversion and toe extension, even though all movements were performed
through full range agairst gravity andwith slight resistance. When
walking, the patient hac a slight 1impand tended to circumductthe

left leg. Sensation was normal, as was his balance.

BMG - Muscles of the lower extremities were examined. Motor-unit ac-
tivity in the anterior tibia!, peroneal and quadriceps femoris muscles
on the left side showed inadequate recruitment. However, this was
better on the right side. There were occasional, high-voltagepoly-
phasic units present. During fatigue studies, it was noted that the

muscles fatigued abnormally.
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NCS - There was slowing of nerve conduction, particularly in the right
lateral popliteal nerve, in which the conduction velocity was 38 ms"1.

Muscle tension studies - See Fig. 4a; and Tables 3 and 4.

Muscle biopsy - Samples were removed from the vastus lateral is muscle.
Histological studies showed marked variation in fibre size, with areas

of grouped fibre atrophy as well as single fibre atrophy. Histochemis-
try demonstrated small areas of grouping of both fibre types. Several
type 1 fibres had a "moth-eaten" appearance. Motor end-plate studies

revealed variation in size and formation of the end plates, with exces-

sive branching of motor nerve terminals.

Re-assessment - When seen 17 months later, this patient's condition had
remained unchanged.

CASE 6 (F.C.)

This coese, jovial, 43-year-old, white woman first developed weak-
ness of her extremities at approximately 18 years of age. Thereafter,
the disease progressed slowly and it was not until she consulted a doc-
tor about pain in her right hip, that generalized weakness was detected.
Her main complaints were that she had difficulty in combing her hair or
performin” any task which involved elevation of one or both upper limbs.
She was unable to climb stairs without the aid of a banister and had al-
so noticed that she walked with a slight 1imp - "as though one leg was
shorter than the other". She was a heavy smoker.

On examination, there was marked weakness of all proximal limb mus-

cle groups, strength in these muscles being only fair. The right side
was slightly more affected than the left. There was winging of both
scapulae, which was more prominent on the right side. The distal mus-

cles of all extremities were slightly weak and although strength in her
hands was good, the patient had to change her job owing to inability to
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maintain a strong grip for any length of time. There was also evidence
of slight weakness of the facial muscles. Eye movements were normal.
The patient had a slight Trendelenberg gait, which was mere ob/ious du-
ring mid-stance phase of the right lower extremity. A mild kyphosis
was also noted. Passive and active range of motion of all joints was
normal. Tendon reflexes were present and equal on both sides, as were
peripheral pulses. There was no sensory loss. Questioning revealed
that the patient had two children, aged 24 and 23, both of whom had
weakness similar to hers. However, according to the patient, there was
no previous history of neuromuscular disorder in the family.

BVG - Muscles of the upper extremities and trunk were examined. Many
motor units, particularly of the more proximal muscles and especially
trapezius, supra- and infraspinatus, showed fall-out of motor-unit
activity. Much of the remaining motor-unit activity was of low voltage
and some of it polyphasic. Other areas had normal motor-unit activity.
Generally, muscle was found to fatigue abnormally.

NCS - These were normal.

Muscle tension studies - See Fig. 4a; and Tables 3 and 4.

Muscle biopsy - Tissue was removed from the vastus lateralis muscle.
Histological studies revealed a marked variation in muscle fibre size.
There was an increase in the amount of fat and fibrous tissue within

the muscle. Histochemistry showed marked grouping, particularly of
type 1 fibres. Type 1 fibres tended to be small. Several type 1
fibres were irregular in shape and had a "moth-eaten" appearance. Sore

hypertrophic type 1 and type 2 fibres were seen.

Re-assessment - This patient was re-assessed two years later. 1£ years
prior to this she had a hysterectomy, following which she became weaker.
At the time of re-assessment, she was unable to flex or abduct the
shoulders beyond 8C°, and consequently she could not perform any activi-
ties requiring this action. She found she tired very quickly, although
she was still able to do her job. Her general muscle strength had



deteriorated to some extent and as a consequence she now walked with a
marked Tredelenberg gait. She had pain in the right upper extremity on

all resisted movements but had learnt to compensate by using her left

hand and forearm for most activities. She had stopped smoking and, as
a result, had gained 20 kilograms in weight. Despite the deterioration
in her condition, this woman was still quite active and tried to lead as

normal a life as possible.

CASE 7 (J-M.K.)

This 2-year-old, white boy wa_relatively inactive at birth and was
in an incubator for twelve days. He was very hypotonic, had a weak cry
and had difficulty in sucking. Ci the fourth day, he had two convul-
sive attacks and subsequently, Veer receiving penicillin, had a true
grand mal seizure. Once out of the incubator, he began to improve, and
from this time onwards he had physiotherapy. Motor development was de-
layed and he only walked at eighteen months of age. He held his head
up at eleven months and crawled at fourteen months. Intellectually, he
was above average and began speaking at eleven months. At about thir-
teen months, it was noticed that he had marked drooping of both eyelids
and slanting of the eyes. He was always very susceptible to upper res-
piratory tract infections. There was no history of any neuromuscular

disorder in the family.

On assessment, muscle strength on the right side of the body was
good to normal, while on the left side it was fair plus to good. The
patient's head was in an extended position, to compensate for the droop-
ing eyelids. He had a distinct 1imp when walking, this becoming more
pronounced when running. his teeth were very small and pointed. Re-
flexes were present and equal on both sides and sensation was normal.

BMG - Muscles of both upper and lower extremities were examined. The
motor units seen were of normal size and duration and there was no evi-

dence of denervation activity.
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NCS - Nerve conduction studies were normal.

Muscle tension studies - See Tables 3, 4 and 5.

Muscle biopsy - Tissue was removed from the deltoid muscle. Histology
revealed normal muscle tissue. Histochemistry,however, showed areas
of fibre type grouping, mainly of the type 1 variety. Motor nerve and

nerve terminals with end plates were normal.

Re-assessment - When seen 2 years later, this child had a normal gait,
and muscle strength was almost normal for his age. He had been attend-
ing a school for disabled children where he had physiotherapy for one
hour, three times a week. Treatment was based mainly on the neurode-
velopmental (Bobath) method of handling, although general strengthening
techniques such as proprioceptive neuromuscular facilitation, exercises
on the pezzi ball and functional activities were also used. The most
evident residual deformity was drooping of the eyelids, but even this
had improved. His neck was held in slight extension, to compensate for

the ptosis.

CASE 8 (C.P.)

This 5-year-old, white boy had normal early milestones and walked
at 13 months. At 18 months, his mother noticed that he was "slapping"
his feet down when he walked and that he had a very arched back. When
he was 3 years old, he started walking on his toes; and at the age of
four, appeared to fail far more often than other children of the same
age. He managed to keep up with other children, although he tired
easily. He experienced great difficulty climbing stairs and running,

although he was able to do both.

On examination, this small child walked on his toes and had a
slight Trendelenberg gait. He had a marked hyperlordosis and $ hip
flexion contractures. Dorsiflexion of the ankles was very limited,
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both actively and passively, and his calf muscles were somewhat larger
than would have been expected for a child of his age and stature. Mus-
cle strength was generally good to normal except for hio abduction on
both sides, which was fair. Tendon reflexes were decreased. Balance
was fair in standing but normal in all other positions. Co-ordination
was good. There was evidence of an extra fold over the inner canthus
of the left eye and the patient had previously had surgery for squint
correction. At 91, the CPK level was slightly elevated.

BVG - Muscles of the lower extremities were examined. The motor units
visualized were mostly within normal limits, although some appeared to

be excessively polyphasic. N denervation activity was noted.

NCS - Nerve conduction studies were normal.

Muscle tension studies - (Cn exposure to methohexital, the muscle went
into spasm, but relaxed after a few minutes. (h re-administration of
a greater concentration of methohexital, it once again contracted and
recovered spontaneously after a few minutes. The muscle was also un-
duly sensitive to succinylcholine. See Figs 5 and 6; and Tables 3,
4 and 5.

Muscle and nerve biopsy - Tissue was removed from the gastrocnemius mus-
cle and sural nerve. Histological and histochemical studies revealed
small, under-developed type 2 fibres, although the distribution and num
ber of type 2 fibres was normal. There was no evidence of denervation
activity or grouping of individual fibre types.

Biopsy findings of the sural nerve were relatively normal, except that
many axons showed "whorling" of myelin, indicating that either myelini-
zation or demyelinization was taking place.

Electron microscopy showed normal to very large mitochondria, with loss

of cristae. Lipid was seen in many degenerating mitochondria.

Re-assessment - This child was re-examined 2J years later. One year
prior to the re-assessment, he had bilateral lengthening of tendo
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Calcaneus. Following the operation, his calf muscles returned to a
normal size. He no longer walked on his toes and his gait was almost

normal. He was able to climb stairs easily, but still tired more than

other children. The hip abducMrs had improved in strength and were
only slightly weak. General muscle strength remained unchanged. Ba-

lance was normal in all positions. He still had 5° hip flexion con-

tractures and a marked hyperlordosis, but it was noticed that his mother

had a similar posture, although not as exaggerated.
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PERONEAL MUSCUAR  ATROPHY
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the 1'ft. Muscle strength was normal, with no evidence of fatiguing
with .regressive exercise. Balance and co-ordination were normal.

BMG - Muscles of the upper extremities were examined. Motor units were
of normal size and duration and recruited normally on volition. There

was some evidence of fatiguing of the facial muscles.

N3B - These were normal.

MIS - On repeated stimulation of the myoneural junction, there was fal1-
off of induced activity to below 20% of normal. Recovery was good.
Response to intravenous edrophonium was reasonable at the peripheral le-

vel only.

Muscle tension studies - See Figs & and 5; and Tables 3 and 4.

Muscle biopsy - Specimens were removed from the deltoid muscle. Muscle
histology was normal on the whole, with occasional evidence of a small

fibre. Muscle histochemistry revealed a slight increase in the number
of type 1 fibres. Motor nerve terminal and end-plate studies showed
normal terminal branching and myelinization. Many of the terminals

were small and under-developed, while some tended to "ramble".

Re-assessment - When seen one year later, after the patient had been on
a course of prednisolone for the entire period, results were found to be
excellent. The patient no longer had diplopia, although Blurring of

vision did occur following long periods of reading or after the drinking
of an alcoholic beverage. He did not tire in the afternoons any more,

and no longer fell as he used to before treatment was started.

CASE 22 (A.S.I

. 36-year-old, white woman's disease commenced when sne
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CASE 9 (O.K.)

A 13-year-old, white boy presented with a five-year history ot dif-
ficulty with his feet. When he was eight, his mother noticed that his
toes had started curling inwards and that he subsequently started walk-
ing on his teas. He had great difficulty in running and unless he was
very careful, would often fall. The mother also reported that his
balance was poor and that this was especially marked when he rose in the
mornings. Over the past year and a half, weakness had developed in ms
legs and the deformity had become worse. Thefamily history revealed
that one of the mother's sister's childrenhaddeveloped hammer toes,

but this patient was not followed up.

On examination of the boy under discussion, it was round that there
was pes cavus and marked wasting and weakness of the distal muscles uf
the lower limbs. Dorsiflexion of the right ankle was impossible, while
on the left side he was able to initiate a contraction. Muscle
strength of toe extension bilaterally was poor, while that of toe T!ex-
ion was fair. There was also slight weakness of the piantarflexers or
both feet and bilateral shortening of tendo calcaneus. he more proxi-
mal muscles of the lower extremities were slightly weak. ihe patient
had a high-stepping gait and although he walked on the balls or his reet,

when he put his foot down on the ground, the arches were flat,

gait was worse when he walked bare-footed. His balance in standing was
poor. Apart from slight wasting and weakness of the small muscles o,
the hands, the upper limbs seemed normal. Reflexes were all absent ana

sensation was slightly diminished in the feet.

BMG - Muscles of the upper and lower extremities were examined.

— marked fall-out of motor-unit activity, almost resulting in a pic-
ture of single motor-unit activity in the peroneal group or muscles.
There was evidence of denervation activity in the anterior tibia! mus-
cles and in several other muscles tested. A strength/duration curve or

the right abductor pollicis brevis muscle showed a pattern of partial

denervation.
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NCS - Conduction velocities in the legs were dramatically reduced.

Conduction in the right median nerve was slowed to 41 ms |.
Muscle tension studies - See Fig. 4a; and Tables 3 and 4.

Muscle biopsy - Specimens were removed from the peroneus brevis muscle.
Histological and histochemical tests revealed large areas of grouped
fibre atrophy affecting type 1 and type 2 fibres, the former Being af

fected to a greater extent. Some small, angulated type 1 fibres were
seen. Type 1 fibres showed targetoid formation and had a "moth-eaten
appearance.

Motor nerve terminals showed excessive branching and short-
ening of internodal lengths. Motor nerve end plates varied markedly
with respect to fibre size and shape.

Re-assessment - This patient was re-examined after 1; years. His high-
stepping gait was not as exaggerated as before and balance nad improved
slightly. His mother had noticed the improvement in his balance and
said that he did not fall as often as he used to. Muscle strength in

the lower limbs had not altered but his upper limbs haa -ecome more in-

volved. The small muscles of the hands were weaker and there was more

proximal weakness of the upper extremities as well. A-'rt from having

lost a lot of weight, his clinical picture was otherwise unchanged.

CASE 10 (R.D.)

This 14-year-old, white boy had first observed the abnormal appear-
ance of his feet three years previously. His toes started splaying and
he noticed that he had very high insteps. His main complaint was that
he experienced pain in the knees. He was a very active, nealthy young
man who took part in many competitive sports. There was no family his-

tory of neurogenic disorder.

Physical examination showed some wasting of the lower extremities,

which was more evident in the legs. Muscle power in the lower
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extremities was generally good, except in the tibialis anterior and
peroneal muscles, in which it was fair. This resulted in weakness of
dorsiflexion, in- and aversion. Instability of his ankles was the most
likely cause of pain in his knees. Knee flexion and extension were al-
so slightly weak. His gait was normal, even though he had obvious pes
cavus. All reflexes were present and equal. The upper extremities
were normal and there was no palpable evidence of thickening of nerves.

Sensation was normal.

BMG - Muscles of the upper and lower extremities were examineu. In the
lower limbs, particularly in the peroneal and anterior tibia! muscies,
there was increased polyphasic activity. No evidence of active dener-
vation activity was detected.

NCS - These were within normal limits.

Muscle tension studies- See Fig. 4a; and Tables 3 and 4.

Muscle biopsy - Tissuewas removed from the peroneus brevis muscle.
Histology revealed increased variation in fibre size, while some of the
smaller fibres showed an increase in the number of centrally orientated
nuclei. Histochemical tests showed that most of the smaller fibres
were of the type 1 variety. There was a tendency to minor grouping of
both fibre types. The overall fiore type count showed a deficit of
type 1 fibres. Motor nerve terminals showed increased branching, indi-
cating denervation andre-innervation activity. There was increased

variation in size of end plates.

Re-assessment - When the patient was re-examined 10 months later, his
condition was found to have remained the same. He was still as active
as before.
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CASE 11 (A.L.)

A hypsrtensive, 50-year-old, white woman presented with a four-
year history of progressive numbness and tingling in the feet and, to a
lesser extent, in the hands. This was associated with weakness, par-

ticularly in the lower extremities. She experienced great difficulty
climbing stairs and walking without shoes. She was unable to open
bottles and frequently dropped objects because she could not maintain a
firm grip. Questioning revealed that despite her particioation in nu-
merous sporting activities as a young girl, her lower extremities never
developed properly and were always "tired". She also recalled having
fallen quite often. There was a family history of neurogenic disorder

in that her father and one of her sisters had experienced tingling in
the hands.

On examination of the patient under discussion, there was wasting
and weakness of both lower limbs, which was more marked distally, es-

pecially in the tibialis anterior and peroneal muscles, in which muscle

strength was assessed as being fair. The patient had marked pes cavus
and clawing of toes, with resultant limitation of toe extension. Her
lower limbs were cold and the skin was mottled. Ankle reflexes were

absent, while those of the knee, biceps and triceps were just obtainable
There was wasting of the small muscles of the hands and she had a weak

grip. Sensation was diminished in a glove-and-stocking fashion. ;he
patient walked with difficulty and an associated mild ataxia was present
Her balance was poor, especially in the kneeling and standing positions.
Under stress, her condition deteriorated.

BMC - Muscles of both upper and lower extremities were tested. The ex-
tensor pollicis brevis muscles showed very littlr - ’'Hence of motor-unit
activity, while the tibialis anterior muscles sho y'-voltage poly-
phasic activity. The fall-out of moccr-unit activity and high-voltage,
polyphasic activity was evident in most muscles, particularly those

situated more peripherally.

NCS - Conduction velocities in the legs were equally slowed to 24.5 ns 1
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The right ulnar nerve conduction velocity was slowed to 24.5 ns 1, while
that of the right median nerve was normal.  The response of the muscle
to direct stimulation revealed a pattern of partial denervalion.

Muscle tension studies - See Tables 3 and 4.

Muscle and nerve biopsy - Specimens were removed from the peroneus

brevis muscle and nervetissue fromthe sural nerve. Histology and
histochemistry revealed large areasof grouped atrophy affecting both
fibre types. The remaining, normal fibres were almost entirely of the
type 1 variety. There was also anincrease in the a nt of fat and
fibrous tissue. There was increased branchi .] * moto. nerve termi
nals. Motor end plates were abnormally diver ' n size and shape.

Cross-section of the sural nerve revealed deoletion of the nerve popu-

lation and shrinkage of the nerve in general.

Re-assessment - This patient was re-examined 2 years later. Apart from
reported, infrequent recurrences of numbness in her hands and feet, sen-
sation was normal. As a consequence, her gait had improved but she
still had some difficulty in walking bare-footed or in shoes with very
low heels. When wearing shoes with a 3.5 om heel, her gait was almost
normal. The mild ataxia was no longer evident. Although her general
muscle strength remained unchanged, she found that she no longer drop-
ped things as frequently as when the numbness had been present continu-
ously. Otherwise, her condition had remained unaltered since the ini-

tial assessment.

CASE 12 (P.P.)

This slightly-built, 9-year-old, white boy apparently had normal
early milestones but did not walk until approximately seventeen months
of age. From the time he started walking, it was noticed that he had
an abnormal gait, was knock-kneed and had flat feet. He was subse-
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quently fitted with special shoes to correct the pes planus and genu

valgum, but the underlying muscular problem was not detected.
the special shoes for two years.

He wore
When he was 4i years old his mother *
noticed that he had developed very high arches, was walking "pigeon-toed
and had slight clawing of the toes. As time progressed, clawing of the
toes became worse; and it was not until recently that his condition was
diagnosed as PVA He had never been a strong child and although ne
played tennis and soccer at school, he could not kick the soccer ball

properly. He was unable to run very fast because his feet tended to

drag and he tired easily. He could not throw a cricket ball as far as

other boys of his age. When he was tired, his handwriting oecame il-

legible. The family history was negative.

On examination, he had a slight Trendelenberg gait. The right

lower limb showed some degree of internal rotation. Slight genu valgum

was evident on both sides, as was mild, bilateral
When standing, he had marked genu recurvatum.

pes equinovarus.

Muscle power was genera -
ly good, the left side of the body being more affected than the right.

Muscle strength of the peroneal and anterior compartment groups of mus-

cles was fair plus. Balance and co-ordination were normal. Tendon

reflexes were reduced in the ankles. Sensation was slightly diminished

in both hands.

BMG - Muscles of the lower extremities were tested. Motor-umt activi-

ty~was of high voltage in the more distal muscles such as tibialis an-

terior, and there was some fall-out of motor-unit activity. This was

the same in the peroneal group of muscles.
NCS - Nerve conduction velocities were normal.
M,<np tension studies - See Fig. 4a; and Tables 3and 4.

Muscle biopsy - Specimens were removed form the peroneus brevis muscle.

Histological study revealed scattered, isolated, atrophic muscle fibres.

Muscle histochemistry showed early grouping of individual fibre types. #

Sone type 1 fibres were morphologically abnormal. Motor nerve terminals
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and end plates showed some increased variability in size and there was
slight increase in branching of the former.

Pi-assessment - When re-examined 1 year later, this child's condition

had remained unchanged.

CASE 13 (I.daR.)

This short, overweight, 43-year-old, white woman complained of con-
tinuous pain in the right "arm". She had been told that when three
weeks old, she had an operation on her right upper arm for what her
mother had described as some lesion over the elbow, resulting in exuda-
tion of material from the middle of the upper arm. Pain was worst at
the site of the operation and she experienced a "pulling" sensation on
the dorsum of the right hand and wrist. She was unable to do any hard
work and tended to drop objects because of weakness and rapid fatigue of
her grip.

On examination, there was a scar and little fat over the lateral
aspect of the right upper arm at the mid-shaft level of the humerus.
A healed scar was present over the right elbow. Pain on palpation was
most marked over the head of the radius and mid-biceps region on the
right side. There was slight muscle wasting around the right shoulder
girdle. As far as muscle strength is concerned, shoulder flexion and
extension were good, while shoulder abduction was fair plus. Elbow
flexion and extension were good and although at first the patient seemed
to have a strong "power" grip, this fatigued quite rapidly. Otherwise,
her general muscle strength appeared to be normal, although there was
slight distal weakness in the upper and lower extremities. All tendon
reflexes were absent. Peripheral pulses were present and equal. Sen-

sation was normal.

B - Muscles of both upper extremities were examined. This showed a
fall-out of motor-unit activity in most muscles tested, but was more
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evident as the electrodes were placed distally. Remaining motor units
tended to be of high voltage and polyphasic.

NCS - Nerve conduction velocities were very slow in all nerves tested,
that in both the right median and left ulnar nerves being 15 ms'1.  The
right ulnar nerve conduction velocity was 17.5 ms'1, while that in the
left median nerve was 16 ms"1.

Muscle tension studies - See Fig. 4a; and Tables 3 and 4.

Muscle and nerve biopsy - Specimens were removed from the peroneus bre-

vis muscle. Nerve tissue was taken from the lateral cutaneous nerve.
Histological tests showed marked variation in fibre size. There was
much single fibre atrophy. In some areas, grouped atrophy was seen.

Histochemical examination revealed involvement of both fibre types, al-
though type 2 fibres were more affected, many of these being small and
angular. Type 1 fibres showed -vidence of targetoid formation and had
a "moth-eaten" appearance.

Study of the lateral cutaneous nerve showed some degenerating fibres as

well a. 'ome very well-myelinated fibres. There was marked loss of
fibres c1 intermediate size and reduction in the number of small myelin-
ated fibre . Sore onion-peeling" was seen. There was an increase in

the amount of collagen.

Re-assessment - When re-assessed |i years later, this patient's condi-

tion was unchanged.

CASE 14 (M.R.)

This tall 15-year-old, white girl's disease was first detected
when she was about 8 years of age. Over the years, her condition be-
came progressively worse and more incapacitating. Her main complaint
was that she had difficulty in walking and running. Unless she
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concentracsd while carrying out these activities, she would trip and

fail. She stated that she was unable to grip the ground with her toes
as they were "curled inwards". She could not balance when wearing
high-heeled shoes because her ankles were too weak, and she often trip-
ped when going up or down stairs She had not noticed any weakness in
her hands and could perform all functional tasks involving the hands
without any difficulty. Questioning revealed that at least five out of

six known members of the family were affected to a varying extent by uhe
same disease. The mother had high arches and although her muscle

strength was normal, ankle and knee reflexes were absent.

Oh examination of the girl, there was marked, bilateral pes cavus
and clawing of the toes. Dorsiflexion and aversion of the right ankle
were slightly weak while on the left they were only fair. Flexion of
the toes at the metatarsophalangeal joints and extension of the inter-
phalangeal joints was poor. The small muscles of the hands showed evi-
dence of slight wasting as well as slight weakness. When walking,
there was marked pes cavus at the beginning of, and during mid-stance
phase of gait, but this changed to an accentuated pes planus at the end
of stance phase and "push-off" phase of gait. The patient could not
run very fast without tripping and falling. During the entire gait
cycle, her toes seldom touched the ground. Joint position sense was
just within normal limits. Balance and sensation were normal. Knee

and ankle jerks, and those in the upper extremities, were absent.

BMC - Muscles of both upper and lower extremities were tested. There
was marked fall-out of motor-unit activity in the more distal muscles

but no evidence of active denervation.

NCS - Nerve conduction studies revealed marked slowing in the legs.
The right median nerve conduction velocity was dramatically slowed to

21 ms-1.
Muscle tension studies - See Fig. 4a; and lables 3 and 4.

Muscle and nerve biopsy - Muscle specimens were removed from the
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peroneus brevis muscle. Nerve was taken from the anterior tibia! nerve.
Muscle histology showed marked variation in fibre size and numerous cen-
trally orientated nuclei. Histochemistry revealed extensive grouping
of fibres, the majority of these being of type 1 variety. Type 1
fibres showed largetoid formation and had a "moth-eaten" appearance.
Several small, angulated, type2 fibres were seen.

Studies of the anterior tibia! nerve revealed an overall loss of large
and small myelinated fibres, most fibres being of intermediate size.
There was an increase in endoneural space. Larger and smaller fibres

showed "onion-peeling", typical of the hypertrophic type of PMA

Re-assessment - The patient was re-assessed one year later. Two months
following the biopsy, orthotics were fitted to both feet. She subse-
quently founo that the toes on the right foot wererelatively straight,
whereas in the left foot therewas little change. She could run far
better when wearing the orthotics and had noticed a decrease in severity
of pes cavus. She no longer tripped when going up or down stairs but
was still unable to balance on a beam or wear high-heeled shoes. O
examination, these reported findings were confirmed, aithough the pa-
tient's general gait pattern had not altered. Her right toes did touch
the ground to a greater extent than before, but this was nevertheless
still ineffective as far as gait was concerned. Functionally, she now
hau difficulty opening bottles and turning on taps. It was found that
her upper extremities had become involved as a result of the disease
process, particularly pronation and supination, muscle strength in both
actions being onl\y fair. There was marked deterioration in strength of
the abdominal muscles and long toe extensors, both being poor. Hip ab-
duction was good on the left side and fair on the right, but this did
not appear to alter the original gait pattern. Otherwise, she had
slight generalized weakness. Active and passive dorsiflexion of both
ankles was limited by about 15°. Circulation in the feet and hands was
poor and distinct cyanosis was present. The patient commented that du-
ring the winter months, the cyanosis was far worse. When taking a not
bath, she experienced tingling and a numb feeling in the feet, which
lasted for approximately one minute. When sensation was tested, this
was diminished in both legs; and the patient could not distinguish be-
tween sharp and blunt instruments. Response to heat and cold and light
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and heavy touch were slightly abnormal. Sensatioi in the hands was
normal, other than in the left fourth finger from the level of the prox-
imal interphalangeal joint to the tip of the finger on both the dorsal

and palmar surfaces. Joint position sense was just within normal

limits, except for the left hallux, of which she was unable to tell the
position at any time. Balance in standing was fair. Despite her dis-
ability, the patient was still able to play social tennis and had learnt

to avoid activities with which she knew she could not cope.

CASE 15 (R.S.)

This lean, active, 17-year-old, white boy had not experienced mus-
cular weakness until a trolley ran over his left ankle. His ankle had
subsequently been very swollen. He noticed that he fell quite often
and could not walk long distances. He was no longer able to play soc-
cer but still swam and was very good at boxing. When he was younger,
he had flat feet and wore special corrective shoes for |j years. There
was no family history of neuromuscular disorder.

Oh examination, the patient was found to have slight wasting of
muscles in Doth legs and a mild, bilateral pes cavus. His muscle
strength was generally normal except for dorsiflexion and eversion of
both ankles, which were fair plus. This weakness was more evident in
cne left leg than the right. Reflexes were present and equal on both
sides. Balance and sensation were normal. Marked swelling of the
left ankle was apparent.

BMG - Muscles of the lower extremities were examined. In the extensor
digitorum brevis muscles, there waes fall-out of motor-unit activity, and
much of the remaining motor-unit activity was of high voltage and long
duration. There was also fall-out of motor-unit activity in the tibia-
lis anterior and peroneus longus muscles. In addition, the pe, aneus
longus muscles showed evidence of denervation activity.
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CASE 28 (A.K.)

7hi ; .ear-old, Asian man had a muscle biopsy two years previcus-
ly, following an adverse reaction of a family member (nephew) to the
administration of halothane, while undergoing an operation for removal
of an extra finger. Results of histological, histochemical and elec-
tron microscopical examination, together with a positive reaction to
halothane, obtained during muscle tension studies, indicated that this
patient was possibly a carrier of MH (Dr Isaacs, personal communication;
original results and tracings not available). The serum CPK level was

markedly raised.

Onh examination, there was thickening of the metacarpophalangeal
moints of both hands and early "swan-necking" deformity of the fourth
fingers. A distinct lisp was evident when the patient spoke; and
hearing on the left sice was defective. The patient was normal in res-
pect of all other tests which were carried out during the assessment.

Muscle tension studies - The patient was given 8 mg/kg oi orai sodium
dantrolene four nours before the muscle biopsy was carried out, to exa-
mine the effect of this drug as a possible prophylactic measure when
dealing with patients having MH For results of muscle tension studies,
see Tables 3, 4 and 5.

Muscle biopsy - Specimens were removed from thetibialisanterior muscle.
H.stology revealed the presence of many multi nucleated fibres as well as
single and small groups uf atrophicfibres Histochemical tests showed
grouping of type 1 fibres.

Electron microscopy revealed large ureas of loss of myofibrils, with
some disorganization as far as orientation of r'bver was concet ned.
There was some loss of Z-line banding. Mitochondria appeared in rows.

Re-assessment - The patient's condition had remained unchanged when he

was re-examined three years later.



NCS - These were normal
Muscle tension studies - See Fig. 4a; and ab.es 3 and

Muscle and nerve biopsy - Muscle samples were removed from the peroneus
brevis muscle. Nerve tissue was taken from the sural nerve. Histology
revealed widespread areas of grouped fibre atrophy. Many small, angu-
lated fibres were present, as well as some hypertrophic ribres. Histo-
chemical studies showed grouping of both fibre types. Hypertropmc
fibres were of both the type 1 and type 2 varieties. ;ype i fibres
showed targetoid formation and had a "moth-eaten" appearance.

Sural nerve studies showed grouping of nerve fibres of the same size, as
well as loss of fibres. Some fibres showed evidence of degeneration o*

myelin. There was no "onion-peeling”.

Re-assessment - This patient was seen one year later. He went to uie
army one month after the biopsy had been carried out and was discharged
2 weeks later because he could not walk.On re-assessment, his muse ie
strength was found to have deteriorated. The patientexplained that
his upper limbs were weak and that he could no longer take part in sport.
H fell far more often than before, and was unable to run very tas® De-

cause he "tripped over his owmn feet". He Cuuld not skip. His left
ankle was said to be permanently swollen and painful; and some days it
was so bad that he was unable to walk. The patient also found tnat ms
left leg tired rapidly. Oh examination, there was marked wasting of
both legs, especially on the left sid Slight wasting of the small
muscles of the hands was also noted. He walked with a distinct limp
and when weight-bearing on the left lower limb, he hyperextendeo the
knee. Hyperextension of the knee was also seen in standing. H had a

slight equinovarus deformity of the foot on the left when walking and
most of the body weight was distributed on the lateral border or thefoot.
When he wastired, the equinovarus was accentuated and caused him totrip
and fall. General muscle strength was slightly weak, with the excep-
tions of toe extension, which was poor; ankle dorsiflexion, aversion and
plantarflexion, all of which were fair; elbow extension, which was fair;

and adduction of the right index finger, which was zero. The left side
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was always seen to be more affected than the right. Elbow and knee
extension caused pain in the contracting muscles. Range of motion was
full passively, but active extension of the hallux of both feet was
limited and adduction of the right index finger was impossible (as men-

tioned above). Balance in standing and running was fair, but normal

in all other positions. Sensation was slightly diminish ' on the left
side, from the level of the clavicle downwards, mcludi, upper and
lower extremities. Despite deterioration in muscle strength, the pa-

tient was still able to continue in his job as a boiler maker.

CASE 15 (A.V.)

A well-built, 16-year-old, white boy presented with a one-year
history of trouble with his feet; which during that period had become
progressively worse. He noticed that, like his father, he had very
high arches and tended to walk on the "backs of his heels", which caused
him to waddle when walking. He played rugby without any difficulty but
found that in athletics he was unable to sprint.

Examination revealed marked pes cavus and hammer toes. There was
bilateral thickening of the plantar surface o' the forefoot. He had a
waddling gait, resulting mainly from walking on the backs of his heels
and lateral borders of his feet. He had an inadequate heel/toe action.
Apart from dorsiflexion and eversion, which were slightly weak, his mus-
cle strength was generally normal. There was no sensory loss and all
reflexes were present and equal. His balance was normal, except that

in running it was poor.

BMG - Muscles of both upper and lower extremities were examined. High-
voltage, polyphasic activity was observed in the abductor pollicis bre-
vis muscle and first dorsal interosseous muscle of the right hand, a3
well as in the tibialis anterior muscle on both sides. Activity in the
more proximal muscles was normal.
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NCS - Conduction velocities were normal, but the response of the later-
al popliteal nerves to repetitive stimulation, failed to evoke an ade-

ouate muscle response to both dorsiflexion and eversion.

Muscle tension studies - See Figs 4b and 5; and Tables 3 and 4.

Muscle biopsy - Tissue was removed from the peroneus brevis muscle.
Histologically, the muscle appeared to fall within normal limits of va-
riation. Histochemistry revealed grouping of both fibre types, parti-
cularly type 1 fibres. Type 2 fibre atrophy was prevalent. Motor
nerve end plates varied abnormally and there was evidence of increased

branching of motor nerve terminals.

Re-assessnent - The patient was re-examined two years later. One year
prior to re-assessment, he nad undergone an operation to lengthen the
posterior tibialis muscles, in order to correct the pes cavus deformity.
It was found that although this had corrected the deformity to some ex-
tent in the left foot, it had not been as successful on the right side.
However, his gait had improved and he was consequently able to walk
normally. He still had marked hammer toes and was unable to run very

fast without falling. His condition otherwise remained unchanged.



MYASTHENIA  GRAVIS
(M)
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CASE 17 (D.A.)

This 31-year-old, white woman had blurred and double vision from
the age of eig' . When she was eight years old, a "rheumatic condi-
tion" was diagnosed, as she was always ill and very tired. Four years
ago, she had a general anaesthetic, following which she remained in what
must have been a myasthenic coma, for four days. Subsequent to this,
she developed progressive generalized weakness and dysphagia. More re-
cently, in addition to her previous symptoms, she had experienced con-
tinuous diplopoea, ptosis and dyspnoea. It was not until then thata
diagnosis of myasthenia gravis was made. Questioning revealed that she
had a scoliosis, for which she wore a brace. Exercise made her dizzy
and worsened her condition. Functionally, she was very restricted as
she could not maintain a strong grip for any length of time and, as a
consequence, dropped things regularly. At times, especially when very
tired, she had difficulty swallowing and developed severe ptosis and di-
plopoea. If she talked for long periods, she "lost her voice". She
could only climb a few stairs before becoming extremely weak and dysp-
noeic. Occasionally, she would spend up to four daysin bed, owing to
extreme fatigue. The family history was negative.

On examination, this lean woman had constant diplopoea, which was
more marked when she looked downwards. She had slight dyspnoea at rest,
but with active exercise this became markedly worse. There was evi-
dence of ptosis, and following the assessment her voice had become so
quiet that it was difficult to hear what she was saying. Muscle
strength was fair in the trunk, but otherwise generally good, although
she fatigued very rapidly. Balance in sitting and standing was poor.
Reflexes were brisk and equal on both sides.

BMC - Muscles of the upper and lower extremities were examined. Motor-

unit activity was normal.
NCS - These were normal.

MIS - On repetitive stimulation of the myoneural junction, there was a
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fall-off of induced activity to below 50% of normal.

Musde tension studies - See Figs 4b and 5; and ables 3 and4.

Muscle biopsy - Samples were removed from the deltoid muscle. Muscle
histology and histochemistry revealed normal muscle. Motor nerve ter-

minals showed irregular myelinization and axonal branching.

Re-assessment - This pa.ient was re-assessed 1$ years later. She had
undergone thymectomy e'ght months prior to the examination. Generally,
her muscle strength had remained unchanged, although she did not fatigue
as rapidly, and no longer spent periods of several days in bed as she
used to before the operation. She no longer dropped objects as often
as previously and seldom experienced any difficulty in swallowing. Her
voice was much stronger, although it still became faint afterlong
periods of speaking. Improvement in diplopoea, dyspnoea and ptosis was
only slight.

CASE 18 (J.B.)

This 34-year-old, white housewife gave a five-year history of di-
plopoea, generalized muscle weakness and numbness. Her condition was
originally diagnosed as neurosis and treated accordingly. She became
progressively worse until finally, a diagnosis of myasthenia gravis was
made. She was treated with pyridostigmine; and at the time of assess-
ment was taking excessively high doses in order to be able to lead a
relatively normal life. When she did not take pyridostigmine, weakness
was so severe that eventually she became bedridden and completely lost
sensation in the hands and feet. She experienced difficulty in carry-
ing out all daily activities, owing to rapid fatigue and dyspnoea, and
was forced to rest at regular intervals before she could continue with
her chores. She had no appetite and as a consequence had lost 16 kilo-

grams in one year. At times she had difficulty keeping her eyes open
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and when tired, she developed both diplopoea and dysphagia. Prior to
the onset of her disease she was an active person: shehad played bad-
minton and swam a lot. There was no family history ofthyroid or

neuromuscular disease.

Onh examination, this ill-looking woman was observed to have gen-
eralized wasting of muscles.  When walking, she had a slight limp and
was unable to walk in shoes with high heels. Muscle strength of the

neck flexors and extensors, shoulder girdle and pelvic girdle regions
was fair, while in the rest of the body it was generally good. However,
her muscles fatigued rapidly and she could not walk further than apprcx
imately 100 metres at a time, following which she became very weak and
dyspnoeic and had to lie down. Her vital capacity was 2.4 litres.

She was unable to hold her arms above her head for longer than 5 seconds,
with the result that her functional activities were extremely limited.
Sensation over the entire body was slightly diminished, a deiiciency
which was more marked on the left side of the body than on the right.

She also had numbness around the eyes and mouth. iendon reflexes were

hyper-reactive, while cutaneous responses were normal.

BM5G - Muscles of the upper extremities were examined. Motor units were
found to be excessively polyphasic in many areas, particularly in more
proximal muscle groups. Recruitment was generally normal but excessive

fatiguing was noted during isometric contraction.
NCS - These were normal.

MIS - Repetitive stimulation of the myoneural junction yielded evidence
of abnormal fatiguing. Administration of 10 ng of edrophonium intra-
venously resulted in considerable improvement in muscle strength and eye

movements.
Muscle tension studies - See Figs 4b and 5; and .ables 3 and 4.

Muscle biopsy - Specimens were removed from the deltoid muscle.

tology and histochemistry revealed atrophy of single fibres, as well as
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some small areas of grouped atrophy involving both fibre types. Motor
nerve terminal study showed increased branching. Motor er.d plates had
an elongated and dysplastic appearance.

Re-assessment - This patient was re-assessed 1J years later. Her
thymus gland had been removed 2 months after the biopsy. She claimed
that she was completely normal for a period of 7 months following the
thymectomy. Thereafter, her previous signs and symptoms slowly started
recurring. She again took increasingly high doses of pyridostigmine;
and at the time of re-assessment, she was taking dangerously high doses.
Her general muscle strength was found to be almost normal. She still
fatigued rapidly and had all the previous signs and symptoms, but these
were not as severe as before. The only marked improvement was in sen-

sation, which was now normal.

CASE 19 (J.T.)

A diagnosis of myasthenia gravis had been made 8 years previously
in the case of this obese, 44-year-cld, white woman when she had pre-
sented with generalized muscle weakness, difficulty in swallowing, slur-
ring of speech and diplopoea. For some time her disease was fairly
well controlled with pyridostigmine, but over the yearr she became pro-
gressively worse and had to take increasing amounts of the drug in order
to alleviate her symptoms. Despite the excessively high doses of
pyridostigmine, she was still weak at the time of assessment. She was
unable to lift a kettle of water and because of rapid fatiguing of mus-
cles, could not e"en comb her hair properly. She had beer, an active
woman but could no longer take part in any sport, as exercise increased
the rapidity with which she weakened. Her condition was worse in the
afternoons and evenings, when in addition to weakness (which also af-
fected the facial muscles), she experienced severe diplopoea, slurring
of speech and dyspnoea, the latter even being evident when she woke in
the mornings. This patient had also suffered from hypothyroidism W
ten years; but it had been well controlled. Questioning revealed a
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history of thyroid disease in the family.

Onh physical examination, the patient's general muscle strength was
founo to be fair plus. However, her muscles fatigued rapidly, not only
with repetitive exerc’se, but also while performing a particular exer-
cise for the firs4 time. In the latter case, the rate of fatiguing was
dependent on the degree of resistance, and duration of the exercise.

She had constant double vision, which was particularly marked when she

looked downw-rds or to the left. Her vital capacity was markedly .-
duced (to 1.3 litres). Balance reactions were slow in both standing
and sitting. Sensation was slightly diminished on the left side of the

body. There was evidence of hyperreflexia.

BM5G - Muscles of the upper extremities were examined. Therewas in-
creased polyphasic activity of fairly high voltage 4n proximal muscle
groups. It disappeared at the level of the deltoid muscle and was evi-

dent again in the extensor muscles of the forearm and small muscles of
the hand. A fairly positive Jolly test was obtained following repeated

stimulation of the orbicularis oculi muscles.
NCS - These were normal.

MIS - Abnormal muscle fatigue was observed on rapid, repeated stimula-
tion of the myoneural junction.

Muscle tension studies - See Fig. 4b; and Tables 3 and 4.

Muscle biopsy - Specimens were removed from the deltoidmuscle. His-
tology revealed scattered loss of individual muscle fibres and sonme va-
riation in fibre size. Muscle histochemistry was normal. Motor nerve
terminals showed the usual degree of branching. The end plates, how
ever, were abnormal in that many were hypoplastic and elongated, with a

tendency to "ramble".

Re-assessment - The patient was seen one year later. Six months
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previously, a thymectomy had been carried out and she had not been ta-
king any drugs since. During the operation, the phrenic nerve was
accidentally cut. This resulted in paralysis of the left side of the
diaphragm. The patient was given intensive physiotherapy and her
breathing subsequently improved. However, she still had some difficul-

ty when swimming, playing spore, climbing stairs and following intensive

exercise. She no longer tired to the same extent as before and wes
again playing tennis and golf. Speech, vision and swallowing were nor-
mal. When tested, her muscle strength was normal, with no evidence of

muscle fatigue.

CASE 20 (M.M.)

Six months previously, this 53-year-old, white woman had noticed
that she developed double vision during the course of the day (but had
normal vision in the mornings). This lasted ten days. Three weeks
before she sought medical advice diplopoea recurred: again it only be-
came evident with fatigue. There was no family history of neuromuscu-
lar disease.

Oh examination, excessive fatiguing of the superior recti muscles
was observed, particularly on the right side. On looking upwards, the
patient became giddy; and as a consequence could no longer play tennis.
Although not a very strong woman, her muscle strength was normal.

BEM5 - Muscles of the upper extremities were examined. There was in-
creased polyphasic activity, particularly in the more proximal muscles.

NCS - These were normal.

MIS - On repetitive stimulation fatiguing was noticed only in the facial
muscles. Eye muscle movements improved markedly when 10 mg of edropho-

nium was given intravenously.
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Muscle tension studies - See Figs 4b and 5; and Tables 3 and 4.

Muscle biopsy - Tissue was removed from the deltoid muscle. Scattered
atrophy of muscle fibres was demonstrated histologically. Histochemi-
¢ investigation revealed that both type 1 and type 2 fibres were
atrophic. Motor nerve terminals did not show any evidence of excessive
branching but internodal distances appeared somewhat shortened. Motor
end plates were normal.

Re-assessment - This patient refused treatment; and when seen two years
later, her condition had deteriorated. Questioning revealed that she
was always tired and at times had difficulty in keeping her eyes open.
Diplopoea was constant and aggravated by fatigue. She noticed that she
could not talk very loudly when tired. On examination, lateral devia-
tion of the left eye was observed. The patient said that this became
worse when she was tired. Muscle strength was good but with sonme evi-
dence of muscle fatigue on repetitive exercising.

CASE 21 (J.G.)

A 27-year-old, white man first experienced periodic blurring of vi-
sion ten years earlier. This occurred following long periods of study
and disappeared with rest. Over the ensuing years .his condition became
progressively worse until the time he was first examined, when double
vision was occurring during two periods of the day - in the afternoon
and early evening. These times corresponded with fatiguing of his eye
muscles. He became very tire in the afternoons and frequently fell
asleep at work. «hen he was tired, he noticed that he became clumsy
and would fall quite often. He was a very active man, who played
squash and sailed. There was no family history of r uromuscular disease.

(n assessment, it was noticed that the patient had a nasal tone of
voice. He had double vision, particularly when looking up to the right
and down to the right; as well as blurring of vision on lateral gaze to
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PERONEAL MUSCUAR ATRCPHY
(Charcot-Marie-Tooth disease

Peroneal muscular atrophy (PMA) is a slowly progressive, hereditary
neuropathy, primarily affecting the anterior horn cells, peripheral

call

nerves and ne*ve roots (Hugnes and Brownell, 1972). It is inherited as
either an autosomal dominant (more common) or autosomal recessive trait
(Dyck and Lambert, 1968a). Although the disease was originally thought
to commence mainly in childhood and adolescence, u number of studies

have shown that there is considerable variation in the age of onset.

PVA has a predilection for t.ie muscles innervated by the peroneal nerve,
leading to weakness and wasting of these muscles. Hence the derivation

of the name, peroneal muscular atrophy.

PVA is characterized by predominantly distal weakness and wasting,
the most conmon in'tial symptom being some form of gait abnormality
and/or foot deformity such as pes cavus, equinovarus, pes planus or ham
mer toes (Brusf et al., 1978). The lower extremities are usually af-
fected to a greater extent than the upper extremities. As the disease
progresses, more proximal muscle groups become involved and weakness and
wasting of the intrinsic muscles of the hands, forearms and upper arms
occurs. The clinical severity varies considerably and the classical

inverted champagne bottle" legs are crten not evident (Dyck, 1975).

In fact, in many instances, patients remain remarkably free of any seri-
ous disability until verv late in life. Sensory abnormalities are
often encounters-., these being more severe peripherally (Table 6).

Various classifications of peroneal muscular atrophy have evolved
since the description of the syndrome in 1886 by Charcot and Marie in
France and Tooth in England; and these have remained a matter of con-
troversy ever since. Dyck and Lambert (1968a,b) proposed the first
systematic classification based on combined clinical, genetic, electro-
physiological and pathol gical studies. They defined two main types of
°MA:  the hypertrophic form (PMA and Dejerine-Sottas subgroups), which
showed nerve hypertrophy, demyelination and reduced nerve conduction ve-
locities; and the neuronal type, in which there was no nerve hyper-
trophy, and nerve conduction velocities were normal or only slightly
slower than normal, but wich a characteristic loss of large nerve fibres



developed ptosis and intermittent diplopoea seven month, before she was
seen in a clinical situation. She complained that more recently she
had begun choking when eating or drinking, had constant blurring of vi-
sion, slurred speech, and pains and weakness in her upper and lower
extremities. She said that objects dropped cut of her hands because
she had a weak grip, as a result of which she was unable to perform her
normal daily chores.  Her condition was worse at the end of the day, at
which time all symptoms became exaggerated. There was a family history

of diabetes, but no evidence of this in the patient.

On examination, general muscle strength was good. However, the
patient fatigued rapidly and as a consequence had to rest at regular in-
tervals. She had drooping of the eyelids, which rapidly became worse
on sustained, upward gazing. Double vision resulted when she looked
sideways or upwards. Speech was slurred. Reflexes were all present

and equal. Sensation was normal.

BMG - Muscles of the upper extremities were examined. Slightly in-
creased polyphasic activity was seen in the deltoid and biceps muscles.
Many of the motor units were of high voltage.

NCS - These were normal.

MIS - Abnormal fatiguing was seen when themyoneuraljunction was re-
peatedly stimulated.

Muscle tension studies - See Fig. 4b; andiables 3and 4.

Muscle biopsy - Tissue was removed from the deltoid muscle. All tests

carried out were witriin normal limits.

Re-assessment - This patient was examined one year later. en mont-.s
before this she had a thymectomy, following which she developed angina
pectoris. Her general condition had deteriorated; with the exception
of drooping of the eyelids, which was not evident when she was examined.
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Diplopoea had become a constant feature, while uysphagia occurred more
frequently. Pain and weakness in the limbs was more marked and she new
fell quite often. She commented that owing to severe breathlessness,
she was unable to walk more than 100 metres. Oh re-assessment, the
legs were seen to be swollen and the hands and feet were blue. Sensa-
tion was diminished in the- lower extremities. Following the examina-

tion, she was very dyspnoeic.

CASE 23 (H.F.)

A heal thy-looking, athletic, 23-year-old, white man gave a two-year
history of double vision. Questioning revealed that the condition be-
came worse when he was tired and that at times he noticed drooping of
the eyelids, which seemed to result in double vision on downward gazing
as well as on upward gazing to the left. He had also found that read-
ing for long periods resulted in deterioration of the diplopoea. He
had no" noticed any change in the tone of his voice after long periods
of speaking, and there was no dysphagia. He took part in athletics,
squash and tennis and had never found that he fatigued more rapidly than
other (normal) males of his age. He complained that until he obtained
an appropriate medical certificate, he was not allowed to continue in
his occupation as a pilot; and in the meantime had to be content with

being a co-pilot.

On examination, his muscle strength was found to be normal and no

abnormal fatiguing was noted.

BM5 - Muscles of the upper extremities and face were tested. The motor
units were of normal size and duration and recruitment was normal on
volition. Repetitive stimulation of the orbicularis oculi muscle re-

vealed a positive Jolly test on the right side.

NCS - These were normal.



141

MIS - The myoneural junction in the abductor pollicis brevis muscle fell
just below normal limits when repetitively stimulated. Double vision
improved to sonme extent after administration of 10 ng o» edrophonium in

travenously.

Muscle tension studies - See Fig. 4b; and Tables 3 and 4.

Muscle biopsy - Specimens were removed from the deltoid muscle. Muscle
histology and histochemistry were within normal limits. Motor nerve
terminals showed a slight increase in branching, and myelin was a little
thickened and irregular. Motor end plates showed some variability,

which was slightly in excess of that normally found.

Re-assessment - This patient was seen 2 years later. He had been
taking prednisolone ever since the biopsy; and the dosage was, at the
time of re-assessment, slowly being reduced. He still had slight
double vision when he was tired or had been doing a lot of reading.
Generally, his condition had improved markedly.

CASE 24 (L.M.)

This medium-built, 35-year-old, white man presented with general-
ized muscular weakness, diplopoea and difficulty in chewing and swallow-
ing, despite relatively high doses of pyridostigmine. He had a low
tone of voice which became accentuated when he was tired He fatigued
rapidly and as a consequence had difficulty with normal functional ac-
tivities such as brushing his teath, combing his hair and climbing

stairs. He was no longer able to continue in his job as a motor me-
chanic. His condition was far worse at the end of the day, by which
time he had severe pain in his back. He often could not finish a meal

as his jaw muscles became so tired that he could not chew his food.
There was no family history of thyroid or neuromuscular disease.

Onh examination, muscle strength in outer range of movement was
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generally fair plus, although in his hands it was goodHowever, his
muscles fatigued so rapidly that he was unable to raise hisarms above
his head and could not climb more than two stairs before having to sit
down in order to recover. Balance in aV positions was fair and sensa-
tion was normal. Respiration was not affected in any way. Tendon
reflexes were hyper-reactive, while cutaneous responses were normal.
Diploooea was most evident when the patient looked upwards and to the

right.

Muscle tension studies - See Fig. 4b; and Tables 3 and 4,

Muscle biopsy - Tissue was taken from the deltoid muscle. Apart from
a slight increase in the number of type 1 fibres muscle appeared normal.

Nerve was normal.

Re-assessment - This patient had a thymectomy soon after biopsy and was

re-examined Z\ years later. The thymectomy was followed by a six-week
course of radiation therapy. Recovery was slow and only commenced
twelve weeks post-operatively. When re-assessed, his muscle strength

was normal, with little evidence of fatigue when performing repetitive
exercises. Other than slight weakness of knee extension when he did
not take pyridostigmine, this man was completely normal and had resumed

all his previous activities.

CASE 25 (A.V.)

This 69-year-old, retired, white gentleman presented with severe
muscular pains which mainly affected the proximal muscle groups of the
upper extremities. Seven years prior to this he had experienced severe
diplopoea accompanied by muscle weakness. A thymectomy was carried out
following which his vision and muscle strength returned to normal.

Three years later, he had a recurrence of symptoms and was given pyridos-
tigmine, which he had been taking ever since. This helped considerably,
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although it did not cure either the diplopoea or weakness. More re-
cently, he had developed muscular pains which were thought to be caused
by the pyridostigmine. There was no family history of neuromuscular

disease.

Onh examination, there was found to be some wasting of muscles.
This was most evident in the lower extremities, particularly in the
proximal muscle groups. Muscle strength in the lower limbs was good,
with some muscle fatigue following repetitive exercises. Strength of
the upper limbs could not be adequately assessed, because of intense

pain suffered by the patient. Eye movements were defective.
BMG - Muscles of the upper extremities were examined. Motor units in
the more proximal muscles were excessively polyphasic. The response to

isometric contraction showed early onset of fatigue tremor.

NCS - These were normal.

MIS - Unfortunately, the patient had taken pyridostigmine two hours
prior to the test, with the result that there was no evidence of fatigue

on repetitive stimulation.

Muscle tension studies - See Figs 4b and 5; and Tables 3 and 4.

Muscle biopsy - Specimens were removed from the deltoid muscle. Muscle
histology and histochemistry revealed scattered, singly occurring, atro-
phic fibres as well as occasional groups of two or three atrophic fibres
In addition, histochemical staining showed that atrophy involved both

fibre types. Motor nerve terminal study revealed excessive branching

of terminals; and motor end plates showed excessive variability. Many
of the end plates had the typical hypoplastic, long-branching appearance

seen in myasthenia gravis.

Re-assessment - This patient was re-examined 2 years later. He had
been taking prednisolone for 2 years. When examined, his eye movements

were normal and he no longer had double vision. Muscle strength was
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normal.

CASE 26 (M.G.)

This worried-looking, 43-year-old, white housewife had an eight-
year history of myasthenia gravis, which had first commenced following
a hysterectomy. Oh the fifth day after the operation, she developed
severe double vision and marked, generalized, muscular weakness. This
was treated with neostigmine, with fairly good results. Recently,
double vision had recurred. It became worse when the patient was tired,
at which time she also developed drooping of the eyelids. During the
day she noticed that she became progressively weaker and was often
forced to sleep for a few hours in order to regain her strength. As a
result of the development of fatigue and inco-ordination, she frequently
dropped objects and consequently could not perform her normal, daily
household chores effectively; and, at times, not at all. She occa-
sionally had difficulty in swallowing and tended to aspirate fluids.

She had a low tone of voice but had never lost her voice completely.
She was a known case of porphyria but was well informed as to how to
control this illness. The family history was negative.

On examination, the patient developed double vision when she looked
upwards, and particularly if she looked to the left. Muscle strength
was normal, but on repetitive, resisted exercise she fatigued rapidly.
Reflexes were generally depressed but equal.

BM5G - Muscles of the upper extremities and face were examined. Motor-
unit activity was generally within normal limits, although some in-
creased polyphasic activity was noted in more proximal muscles. Re-
peated stimulation of the orbicularis oculi muscle revealed a positive
Jolly test.

NCS - These were normal.
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MIJS - No abnormal fatiguing was noted on repetitive stimulation.
Muscle tension studies - See Figs 4b and 5; and Tables J and 4.

Muscle biopsy - Tissue was removed from the deltoid muscle. Histolog-.-
cal studies revealed normal muscle structure, although occasional,
scattered, atrophic fibres were seen. Muscle histochemistry results
were again within normal limits, apart from there being a slight in-
crease in the number of type 1 fibres. Motor nerve end plates were
normal, but with some evidence of increased branching of nerve terminals.

Myelin deposition in nerve terminals was very irregular.

Re-assessment - This patient was re-examined 2 years later. She had
been treated with prednisolone for a period of 20 months. She no lon
ger developed weakness during the day and as a result had been able to
resume her normal household activities. Muscle strength was normal.
Although she still became tired with repetitive exercise, fatigue now
developed slowly. Double vision and slight ptosis occurred infrequent
ly and only when she was very tired. She was completely independent

and was again able to drive her car.



STIFr MAN SYNDROVE
(SMS)
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CASE 27 (Z.M.)

A shy, 8-year-old, black girl had an 18-month history of progres-
sive muscle stiffness and spasms affecting the trunk and limbs. The
disease apparently commenced with symptoms in the trunk and proximal
limb muscles and gradually spread to the distal limb musculature, the
spasms becoming more painful and intense, resulting in physical incapa-
citation. Intellectual development of the child was normal. There
was no previous history of any serious illness and the family history

was "negative".

On examination, this frightened, emaciated girl was lying in a
position of opisthotonus, although when seen one day later, she was in
an almost completely flexed position. However, spasms were predomi-
nantly extensor in nature and were continuous when she was awake. The
spasms were aggravated by external stimuli such as noise, skin contact,
emotional s t i and active or passive movement of the limbs. In view
of this, muscle strength could not be assessed. Cutaneous and deep re-
flexes were also difficult to test because muscular spasm was constantly
present; and because of severe extensor spasm, which occurred in re-
sponse to tactile stimuli. The hands were usually held in a flexed
position, with strong opposition of the thumbs. Passive range of mo-
tion of all joints was normal excep' for dorsiflexion of the righ® ankle,
which was limited by approximately 2CU.  This was tested during general
anaesthesia at the time of muscle and nerve biopsy. Sensation appeared
to be normal. The facial and oropharyngeal muscles and muscles of mas-
tication were unaffected by the disease. The patient was, for the most
part, mildly pyrexia!, owing to the continuous muscle activity. Her
temperature, however, varied according to the state of muscular contrac-

tion.

BVG - Spontaneous motor-unit activity of normal amplitude and duration,
involving both agonists and antagonists, was observed at rest. This
activity was aggravated by emotional disturbance, touch and movement.
Voluntary muscle contraction in one area caused diffusion of contraction
to all muscles, both agonists and antagonists. There was no denerva-

tion activity.
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NCS - Conduction velocities in both motor and sensory nerve fibres were

normal.

Muscle tension studies - See Figs 4b and 5; and Tables 3 and 4.

Muscle and nerve biopsy - Specimens were taken from the vastus lateralis
muscle. A piece of the sural nerve was removed. Muscle histology and
histochemistry did not reveal any abnormalities.

Sural nerve biopsy findings were normal.

Electron microscopy snowed that there were areas of myofilarnentous and
Z-line disruption as well as of mitochondrial accumulation. Many of
the mitochondria were distended and their cristae were ruptured. There

was swelling of the SR as well as loss of myofibrils.

Re-assessment - The only available re-examination information concerning
this child wac that obtained four weeks following commencement of treat-
ment, because soon after that, the patient's mother removed her from

hospital; and she was not subsequently seen or heard of. During the
four-week period in hospital she was given high doses of diazepam.

This had a variable, but beneficial effect on the spasms. She also re-
ceived physiotherapy daily, this having involved mainly thj use of the
neurodevelopmental treatment (Bobath) method. (n re-examination, there
was still a considerable amount of spasm, wnich limited all functional

activities - except for movement of the arms when the child was lying in
a partially flexed position and rolled over in order to change her posi-
tion. However, the contracture of the right ankle was not as marked as

before.



MALIGNANT  HYPERTHERMA



This healthy, 20-year-old, coloured man was one of ten children, of
whom three had died from hyperthermia during anaesthesia. All three
patients had died while undergoing relatively simple, uncomplicated
operation0 - hysterectomy, removal of thyroglossal cyst and excision of
a semime.iDranosus bursa. In each case :ept the last mentioned who
was given methoxyflurane instead of halothane), the anaesthetic agents
used were all of the following: thiopentone, nitrous oxide/oxygen,

.ccinylcholine and halothane. The CPK serum enzyme levels of sixty-
four members of the family were subsequently determined. The patient
under discussion was one of many members found to have an abnormally
high CPK level, this being 466.3 units.

On examination of this active patient, he was found to be clini-
cally normal, with no evidence of weakness or any muscula- disorder.

Muscle tension stucies - See Figs 4b and 5; and Tables 3, 4 and 5.

Muscle Qiopsy - Tissue was removed from the deltoid muscle. Histologi-
cal and histochemical studies demonstrated that muscle was normal on the
whole.

Electron microscopy revealed a slightly folded basement membrane and

occasional areas showing loss of filaments.

Re-assessment - On re-assessment one year later, the patient was found
to have remained unchanged since the original examination.

CASE 30 (C.P.)

The younger brother of this 6-year-old, white girl died while under-
going a minor operation. The cause of the boy's death was initially
considered to have been haemorrhage; but it was later confirmed that he
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died as a result of malignant hyperthermia. On a previous occasion, he
reacted adversely to an unknown anaesthetic when having four teeth ex-
tracted. There was, in addition, a history of severe headaches and
muscle cramps. At times, the muscle cramps were so intense that he
would scream and arch  his back from the pain. He also suffered from
regular bleeding from the nose. Questioning revealed that the father
was similarly prone to muscle cramps. There was no previous history of
anaesthetic deaths in the family. The younggirl in question had pre-
viously undergone surgery (to correct asquint) without incident, al-
though the anaesthetic agents used were not known. She too, like her
father and brother, frequently experienced muscle cramps, although these
were not as intense as they had been in her brother's case. Her serum
CK level was markedly raised.

On examination, this slender girl had an obvious squint of the left
eye, owing tv inadequate activity of the left lateral rectus muscle.
Apart from this, all other observations and tests showed nothing abnormal.

Muscle tension studies « See Tables 3, 4 and 5.

Muscle biopsy - Specimens were removed from the deltoid muscle. Histo-
logical findings were basically normal, although the average size of the
fibres was smaller than usual. Muscle histochemistry revealed an*as of
limited extent where there was grouping of individual fibres, particu-
larly of the type 1 variety.

Electron microscopy showed that there were regions of myofilament dis-
arrangement, some filaments lying at right angles to adjacent ones.

Large areas of contracted muscle having very little structure, were seen.
Sore myofibrils had a banded pattern, with accompanying loss of myofila-
ments. In parts, the Z lines appeared smeared and widened. There
were also areas of myofibrillar depletion, which was usually accompanied
by an increase in number of mitochondria, especially evident at the base-

ment membrane. The basement membrane was folded in places.

Re-assessment - When the patient was seen 2J years later, no change was

detected.
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SPINAL  MUSCUAR ATRCPHY

The spinal muscular atroL (SMA) syndrome is the collective name
For a heterogenous group of ge- -ticclly determined disorders (Emery,
1971; Bundey and Lovelace, 19,5). They are characterized by degener-
ation of the anterior horn cells of the spinal cord and, sometimes, the
cranial nerve motor nuclei; but with no evidence of pyramidal tract or

peripheral nerve involvement (Byers and Banker, 1951).

Various attempts have been made to classify the spinal muscular
atrophies, but much confusion stil prevails. Recently, Pearn (1980)
added yet another "suggested" classification of the SMA's, in which
peroneal muscular atrophy (see next disease discussed) was not distin-
guished as a separate disease. Dubowitz and Brooke (1973) divided the
SMA's into three broad categories on the basis of clinical severity.
This provided a practical approach to the classification of SVA on the
basis of: a severe form (Werdrig-Hoffmann1s disease), a mild form
(Kugelberg-Welander syndrome) and an intermediate form. The severe,
Werdnig-Hoffmann's disease, having an early infantile onset and rapidly
progressive course, leads to death usually within the first year of life,
as a result of marked intercostal weakness and susceptibility to res-
piratory infections. There is generalized hypotonia and often an asso-
ciated bulbar weakness, with difficulty in swallowing and a weak cry.
Tendon reflexes are absent. The IPos are more severely affected than
the arms and these children are nevct able to sit without support.
Children with the intermediate form usually have normal early mile-
stones and can sit unsupported. However, they are unable to walk or
stand, the legs being affected to a greater extent than the arms.
Fasciculations, particularly of the tongue, may be seen. Scoliosis is
a coomon complication in this group (Schwentker and Gibson, 1976;
Galasko, 1977; Benady, 1978), as are joint contractures (Benady, 1973).
Tendon reflexes are reduced or absent and there may be intercostal weak-
ness. The prognosis in this group depends very much on the state of
the respiratory function. Weakness in the mild, Kugelberg-Welander
syndrome is confined mainly to the proximal muscles of the lower limbs
but ambulation is achieved. Affected persons have a waddling gait and

in this respect very much resemble patients with 1imb-girdle muscular
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dystrophy. The Kugelberg-Welander syndrome is usually non-progressive,
although in some cases deterioration may occur over long periods of
time. Occasionally, there may be a rapid decrease in muscle strength.
Some cases, however, appear to improve with time, probably as a result
of compensatory reinnervation of muscle. Another feature observed, and
one not unlike that occurring in the early stages of Duchenne muscular
dystrophy, was hypertrophy of the calf muscles (Kugelberg and Welander,
1956). This has subsequently been seen by many authors in both the
intermediate and Kugelberg-Welander types of SNA Hypertrophy of the
calf muscles appears to be more prevalent in males (Bouwsma and van
Wijngaarden, 1980).

Muscle biopsy findings in the severe and intermediate forms of VA
are very similar. Large groups of atrophic type 1 and type 2 fibres
are seen in all biopsies, although, unlike other forms of neurogenic
atrophy in which angulated fibres are common, the majority of atrophic
fibres in SVA are circular (Figs 9, 10). Pyknotic nuclear clumps may
be observed in the atrophic fibres, while me presence of central nuclei
is uncommon. Interspersed with atrophic bundles are fascicles contain-
ing markedly hypertrophied fibres (Fig. 10). However, the extent of
atrophy and hypertrophy varies greatly; and when numerous sections from
one muscle specimen are examined, some may be found to contain normal
fibres, while others may have both atrophic and normal or hypertrophic

fibres in varying proportions. Large bands of fibrous tissue surround-
ing fascicles are often seen. An increased number of muscle spindles
may also be observed. In the mild forms of SVA (Kugelberg-Welander

syndrome), smaller groups of atrophic fibres are present, and angulated
fibres are common. Giant fibres do not occur as frequently in the
severe and intermediate forms, although enlarged fibres are plentiful
(Fig. 7). The enlarged fibres show fibre type grouping, with type 2
fibre predominance a conmon feature. Central cores, target fibres
(Fig. 8) and "whorled or coiled fibres", seldom seen in the severe or
intermediate forms of SMA are often observed in the mild forms
(Dubowitz and Brooke, 1972).

BMG findings are typical of denervation.

Motor nerve conduction velocity studies have shown that in infants
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suffering from the severe form of SMA conduction is slow, while velo-
cities in children affected to a lesser degree with SVA are normal or
fast (Moosa and Dubowitz, 1976; Schwartz and Moosa, 1977). Most
reports in the literature have emphasized that in SVA there is no sen-
sory involvement, although a few case with reduced sensory nerve con-
duction velocities have been described, the more recent ones by Marshall
and Duchen (1975) and Schwartz and Moosa (1977).

It has been found that the acute, rapidly progressive, infantile
form of SVA is a clinically and genetically distinct entity from the
rest (Lubowitz, 1977a). The separate existence of chronic forms of
late childhood and juvenile SMA's, often collectively known as the
Kugelberg-Welander syndrome, has remained a matter of controversy.
However, although the age of onset of Kugelberg-Welander syndrome is
usually in adolescence, some papers report its appearance for the first
time in adult life (Meadows et al., 1969; Emery ef a1., 1976a; Pearn
et al., 1978a).

The mode of inheritance of the various chronic SMA's has been
described as autosomal recessive, autosomal dominant and sex-1 inked
recessive (Emery, 1971; Furukawa and Toyokura, 1976), although gene-
ticists are still debating how many genes there actually are for each
of the different variants. Emery et al. (1976b) and Pearn et al.
(1978b) concluded that in tie majority of the more chronic forms of SVA
(excluding those of adult onset), an autosomal recessive gene(s) was
responsible for the condition, with only a small group of cases being
inherited as a trait for which a dominant gene(s) is responsible. In
DA of adult onset, at least three separate genes (autosomal recessive,
autosomal dominant and X-linked recessive) appear to be involved (Pearn
et al., 1978a). At present, however, agreement concerning the type of
inheritance has only been reached with regard to acute, Werunig-
Hoffmann's disease, which is caused by an autosomal recessive gene
(Pearn et al., 1973; Pearn, 1978).



Figure 7.

Figure 8.

Mi'd form of spinal muscular atrophy. Case 4.

Biopsy specimen shows marked variation in fibre
size and scattered atrophy of fibres. A slight
increase in the number of centrally orientated
nuclei and an increase in amount of fibrous
tissue are evident.

(H & E; x 320)

Mild form of spinal muscular atrophy. Case 4.

Grouping of individual fibre types is seen.
Type 1 fibres show targetoid formation and
have a "moth-eaten" appearance.

(NAD; x 320)
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Figure 9.

Figure 10
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Intermediate form of spinal muscular atrophy.
Case 6.

Marked grouping, particularly of type 1 fibres,
is observed; and type 1 fibres tend VO be
small. Several type 1 fibres also have an ir-
regular shape and "moth-eaten" appearance.

(NAD; x 320)

Intermediate form of spinal muscular atropny.
Case 6.

There is marked grouping, particularly of type
1 fibres. Many of these tend to be small and
circular in shape. Sore hypertrophic type 1

and type 2 fibres are present.

(ATPase, preincubated at pH 4.3; x 320)
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found in biopsy tissue of the sural nerve (Table 7). In addition, a
third (rare) spinal type was distinguished, characterized by the absence
of sensory impairment or nerve enlargement, and with normal nerve con-

duction velocities. This sub-division differed from those of
Humberstone (1972), Salisachs (1974), Marsden (1975) and Davis et al.
(1978). Dyck (1975) proposed a more advanced nomenclature, but at pre-

sent the three-type classification of hypertrophic, neuronal and spinal
(Behse and Buchthal, 1977; Buchthal and Behse, 1977) appears to be the
most convenient for diagnostic purposes. Many other disorders have
been reported in association with PMA the better recognized ones being
tremor (Salisachs, 1976; Buchthal and Behse, 1977), ataxia (Thomas

et al., 1974; Brust et al., 1978), spastic paraparesis (Dyck and
Lambert, 1966b) and optic atrophy (McLeod et al., 1978).

Muscle biopsy findings may include the presence of: small angulat-
ed fibres (Fig. 13), grouping of atrophic fibres (Fig. 11), pyknotic
nuclear Ilumps and central nuclei, all of which are characteristic of
the many denervating diseases. Grouping of atrophic fibres affects
both the type 1 and type 2 varieties. Type 1 fibre predominance may
also be observed (Fig. 14). Changed cytoarchitecture in respect of,
for example, target, targetoid and "moth-eaten, whorled" fibres is more
prevalent in FAVA than in other types of neuropathies (Fig. 12). A
striking feature of PMA as compared with other chronic peripheral neu-
ropathies, may be the presence of hypertrophic type 1 fibres, these
being quite common (Dubowitz and Brooke, 1973).

BMG studies demonstrate the presence of denervation.

TABLE 6. Clinical sensory changes in the three types of peroneal
muscular atrophy.

% patients with sensory los;

TYPE
Buchthal and Behse (1977) Brust et al. (1978)
Hypertrophic .. 70% 78%
Neurcial .......... A% 5%

Spinal .............. 0% 0%

(J
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Figure 11. Peroneal muscular atrophy. Case 15.

Biopsy revealed large areas of grouped fibre
atrophy. Many small, angulated fibres, and
sone hypertrophic fibres are seen.

(H & E; x 320)

Figure 12. Peroneal muscular atrophy. Case 9.

Type 1 fibres show targetoid formation and have
a "moth-eaten" appearance. A few small, angu-
lated type 1 fibres are to be observed.

(NAD; x 1280)
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Figure 13. Peroneal muscular atrophy. Case 14.

There is extensive grouping of type 1 fibres.
Several of the type 2 fibres are small and

angular.

(Routine ATPase, pH 9.4; x 320)

.igure 14. Peroneal muscular atrophy. Case 14.

Marked grouping of type 1 fibres can be seen.
(EDTA/ATP; x 320)
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Figure 15.

Hypertrophic form of peroneal muscular atrophy.

Case 14.

Electron micrograph of a section through the
anterior tibia! nerve, showing loss of large
and small myelinated nerve fibres. An in-
crease in endoneural space is evident, as well
as "onion-peeling" of both larger and smaller

nerve fibres.

(x 2000)
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Recent relevant literature on peroneal muscular atrophy not cited in

text or references
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MYASTHENIA  GRAVIS

Myasthenia gravis (MG3) is a neuromuscular disorder which was first
described by Willis in the seventeenth century. It is characterized
by weakness and abnormal fatigue of skeletal muscles, which becomes
worse following muscular activity and improves with rest. The pre-
valence of this syndrome is thought to be 2 - 10 per 100,000, with the

onset occurring before age 20 in approximately 20% of cases.

The initial clinical manifestations are frequently ocular. Vari-
able ptosis and/or external ophthalmoplegia with diplopoea are th most
comnon early complaints (Mattis, 1941). In nearly all cases, the ocu-
lar muscles are ultimately affected Occasionally the disease remains
confined to the extraocular muscles, this condition being known as ocu-
lar myasthenia. The oropharyngeal muscles are often also involved,
causing difficulties in respect of swallowing, chewing and prolonged

speech. Characteristically, the voice becomes nasal initially and
later slurred, with syllable retardation and decreased amplitude. How-
ever, any muscle may be affected first by the disease. Other muscles

that may be involved include: (1) the face muscles, leading to loss of
facial expression; (2) the respiratory muscles (intercostal muscles

and diaphragm), in which case respiratory distress or failure can re-
sult; and (3) any of the limb muscles, which causes disabilities such
as difficulty in keeping the arms outstretched or rising from a chair
(proximal muscles being affected to a greater extent than distal groups).
(4) There can be weakness of the neck and trunk muscles, resulting in

poor posture.

For many years, it was thought that the principal abnormality in
MG lay in the presynaptic nerve terminals of the neuromuscular junction
(Elmqvist et al., 1964). It was not until the discovery of two neuro-
toxins, a-bungarotoxin and a-cobra toxin (derived from certain snake
venoms), which bind specifically to acetylcholine receptors (Lee, 1972),
that the identification of the acetylcholine receptor abnormality in M5
was elucidated. More recent evidence has indicated that the basic
physiological defect occurs as a result of reduction in the number of

available acetylcholine receptor sites at the neuromuscular end-plate
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region (Fambrough et al., 1973; Berder st al., 1975, 1976; Engel
et al., 1977a). It has been suggested that this receptor deficit is
due to an autoimmune response, in which on inflammatory or tumorous
process within the thymus gland could cause exposure of acetylcholine
receptor proteins (found in normal thymic myoid tissue and similar to
those in muscle) to thymic lymphocytes This, in turn, could subse-
quently cause anti-acetylcholine receptor antibodies to be produced,
capable of cross-reacting with peripheral acetylcholine receptor pro-
teins, and thus preventing acetylcholine from gaining access to acetyl-
choline protein receptors on the postsynaptic muscle membrane. This
would result in a sub-threshold end-plate potential of insufficient
magnitude to produce a muscular contraction (Simpson, 1960).

Recently, several authors have reported the presence of acetyl-
choline receptor antibodies in 85% - 9% of patients with MG (Lindstrom
et al., 1976; Mittag et al., 1976; Lefvert et al., 1978; Oda et al.,
1980). The antibody titre corresponded to some extent with clinical
severity (Bradley et al., 1978; Lefvert et al., 1978): low litres
were found in mild or purely ocular MG, following thymectomy or in pa-
tients receiving immunosuppressive therapy; and high litres in more
severely affected patients. Pathological changes of the thymus have
been found in 75% - 82% of patients with MG. Of these, approximately
85% showed thymic hyperplasia, while between 8% and 15% had associated
thymomas (Seybold et al., 1950; Castleman, 1966; Nanba et al., 1976).
Thus, both humoral * and cell-mediated** immune reactions have been im-
plicated in the pathogenesis of Ma However, the mechanism by which
the immune response to acetylcholine receptor is initiated is still
uncertain, although a persistent viral infection of the thymus has
been suggested (Datta and Schwartz, 1974; Tindall et al., 1978).

M5 sometimes occurs in association with other disorders, often
with an autoimmune basis. The ones more commonly encountered are
rheumatoid arthritis (Simpson, 1960) and various thyroid abnormalities

* Acetylcholine receptor antibody production - Almon et al., 1974;
Al.aronov et al., 1975; Nanba et al., 1976.

** rhymomal/hyperplasia leading to the production of lymphocytes -
Abramsky et al , 1975; Richman et al., 1979.



(Osserman etal., 1967).

M5 can be classed in three broad categories: adult myasthenia;
juvenile myasthenia; and myasthenia occurring in the newborn. The
adult and juvenile types are very similar in both clinical picture and
pathogenesis. The adult form can occir at any age, although it is more
commonly seen in younger patients, often in their twenties; and is more
prevalent in females. Another form, appearing in later life, is more
connmon in males. The latter group is often associated with thymomas,
while individuals of the former group usually have thymic hyperplasia.
In juvenile myasthenia, the first symptoms always appear after one year
of age, with 75% of cases occurring after the age of ten (Millichap and
Dodge, 1960). Girls are more frequently affected than boys and approx-
imately 20% of cases have a complete and permanent remission of symptoms.
Another, rare form of juvenile myast'enia occurs in children between the
ages of 2 and 10 (Lieberman 1942; Bastedo, 1950). In this fulmina-
ting form, there is an acute bulbar paralysis which progresses rapidly
to dyspnoea and cyanosis within 24 hours. If not treated promptly,

the condition can be fatal.

M5 in the newborn is sub-divided into: transient neonatal, con-
genital and familial infantile myasthenia; and acetylcholinesuerase
deficiency. A-ansient neonatal myasthenia, in which a transitory weak-
ness lasting 5-47 days occurs, is found in 12% of babies born to myas-
thenic mothers.  The cause is thought to be the result of diffusion of
acetylcholine receptor antibody from the mother through the placenta
(Keesey et al., 1977). However, results from a study by Lefvert et al.
(1978) led to the suggestion that additional factors, besides a passive
transfer of maternal receptor antibodies, may contribute to this form
of MG Weakness is usually evident within the first few hours of birth,
the most frequent clinical feature being difficulty in feeding, although
generalized hypotonia and facial weakness are also common. Only one
case of transient neonatal myasthenia followed by the juvenile form has
been reported (Osserman, 1958). Congenital M5 is clinically apparent
at birth or shortly thereafter and occurs in 1% of cases of mothers
with MG It appears to be genetically inherited, males being affected
more often than females. The most prominent feature of this type of

M5 is involvement of the extraocular muscles, which is frequently
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accompanied by facial weakness. It is generally non-progressive, al-
though mild fatig nng of muscles, progressing to generalized weakness,
has been reported in some cases. Familial infantile myasthenia, like
congenital myasthenia, also has a high familial incidence. Severe
respiratory and feeding difficulties occur at birth, but the ex”ra-
ocular muscles remain unaffected. There is a tendency for spontaneous
remission to occur, although a subsequent recurrence of apnoea is not

uncommon. Acetylcholinesterase deficiency, a "new" myasthenic syn-

drome, has been recorded only once (Engel et al., 1977b). Ptosis was
evident at 5 days of age. There was progression within one year to
intermittent strabismus and muscle fatigue on exertion. All tests for

myasthenia were negative and anticholinesterase drugs had no effect.

At age 11, respiratory distress was seen to accompany a cold; and at
14, there was evidence of an associated bulbar palsy. Numerous inves-
tigations revealed small nerve terminals, decreased acetylcholine re-
lease, and a deficiency in the amount of end-plate acetylcholinesterase.
Althougn anti acetylcholinesterase and guanidine did not improve the
condition, prednisone had a beneficial effect.

Limb-girdle myasthenia occurs in adolescence end is characterized
by rapid onset of proximal weakness but with no invo vement of the
extraocular muscles (McQuilien, 1966). In addition, several "myas-
thenic" syndromes have been described which resemble true myasthenia
gravis in clinical picture. These include malignancy (“aton-Lambert
syndrome; although this may occasionally occur in the absence of malig-
nancy), collagen vascular disease (such as systemic lupus erythematosus
and rheumatoid arthritis), and the effects of certain antibiotics and
botulism.

It will be evident from the above synopsis that prompt diagnosis

and treatment of myasthenia is essential. In some types, this may
have a life-saving effect. Diagnosis is usually established by means
of an "edrophonium test" and BMG studies. A positive "edrophonium

test", observed in true myasthenic patients, occurs when muscle strength
and respiratory function are substantially improved by the intravenous
injection of edrophonium (Osserman, 1958). Characteristic BMG find-
ings, observed with repeated motor nerve stimulation, show a progressive

decrease in amplitude of muscle action potentials (Ozdemir and Young,
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1976). Thymomas can be detected by several means. Keesey et al.
(1930) have suggested that a combination of chest radiography, computed
tomography of the thorax and antistriational antibody tests be used for

purposes of diagnosis.

Muscle biopsy, which only demonstrates changes secondary to those
occurring at the neuromuscular junction, may supply additional informa-
tion (Figs 16, 17). Focal atrophy of type 2 fibres (Fig. 17), not
seen in other illnesses, is found in over 850% of patients with myasthe-
nia (Dubowitz and Brooke, 1973). However, at'ophy of tvpe 1 fibres
is also sometimes present (Fig. 17); in which case the condition can-
not be differentiated from that of denervation. Lymphorrhages have

also been observed (Engel and McFarlin, 1966).

Electron microscopic studies of the neuromuscular junction in M5
have revealed a decrease in both tne mean nerve terminal area and the
area of postsynaptic membrane per nerve terminal. The postsynaptic
membrane is simplified, the secondary synaptic clefts being shallower,
widened and more disorganized than in a normal end plate (Engel and
Santa, 1971). Postsynaptic regions denuded of their nerve terminal,
have also been observed (Santa et al., 1972).

Treatment of M5 mincludes the administration of anticholinesterase
drugs such as pyridostigmine; steroid therapy, for example the use of
prednisone; and thymectomy. Plasma exchange, used in conjunction
with immunosuppressive drugs, has been found to be of great value in
the treatment of an acute myasthenic crisis (Dau et al., 1977,

Pollard et al., 1980; Samtleben et al., 1980). All these forms of
treatment have a variable effect. There is controversy in the litera-
ture concerning the response to surgery, and it is still uncertain
whether or not all patients with M5 should undergo thymectomy. It
should be noted cnat Genkins et al. (1975) have shown that besides the
normal indication for thymectomy in patients who have an associated
thymoma, early thymectomy is also beneficial in improving the rate of

remission in patients with M5 who have no associated thymoma.
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Figure 16. Myasthenia gravis. Case 18.

Small groups of atrophic fibres can be seen.

(H & E; x 1280)

Figure 17 Myasthenia gravis. No case number.

Biopsy demonstrated single, focal, type 2 fibre
atrophy and occasional, single, type 1 fibre
atrophy. There are large areas of type 1 fi-

bre grouping.
(Routine ATPase, pH 9.4; x 320)
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STIFF  MAN SYNDROVE

Stiff man syndrome (SMS) is a rare neuromuscular disorder, first
described by Moersch and Uoltman (1953). There are fewer than 40 re-
corded cases of this syndrome, which appears to be more prevalent in
males than in females. The average age of onset is between 43 and 46
years, although it may occur at any age. The rate of onset of the
disease is variable, ranging from days to months or years.

S\B is characterized by slowly progressive, fairly symmetrical,
fluctuating muscular rigidity and spasms, the severity and extent of
which varies in different individuals. Pain is usually associated with
muscular spasms which are either localized (like cramp) or generalized
and far more severe (more common). The latter type is characterized by
violent contractions of both agonistic and antagonistic muscles. In
several patients, the spasms have been of such intensity as to result in
spontaneous fracture of the femur (Cohen, 1966); and in two cases, a
Smith-Petersen nail was subsequently bent following a further, severe
spasm (Asher, 1958; 01Connor, 1958). These severe attacks cause in-
tense pain and result in profuse perspiring. The duration and frequen-
cy *'f the spasms is variable, an attack lasting from minutes to hours
and incurring as frequently as 12 times or more per day. Various fac-
tors mev cause an attack to take place, namely noise; cold weather;
active 0" passive movement; painful stimulation or sometimes even
stroking of the skin; and emotional disturbances such as excitement or
stress. It is not surprising, therefore, that prior to Moersch and
Woltman's (1956) description of SMS, these patients were diagnosed as

being "hysterical".

Although muscular spasm is the most striking feature of SMS, spasms
are superimposed on a slowly progressive, persistent, muscular contrac-
tion or tautness of striated muscles. This rigidity is usually the
first svmptom to be observed and is most often evident in the trunk and
sometimes neck muscles, but later extends to the extremities, proximal
muscles being affected more than distal ones; and the legs being in-
volved to a greater extent than the arms (Moersch and Woltman, 1956).

The facial and oropharyngeal muscles, however, remain unaffected by the
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disease process. Muscle strength is usually normal or only slightly
decreased, despite patients' frequent complaints of weakness. Muscle
stretch reflexes and tendon reflexes are essentially normal, although
these are often difficult to evaluate, owing to the muscular spasms and
rigidity. Sensation is normal.

A kyphosis or lordosis may occur as a result of generalized muscu-
lar rigidity. Sore patients have difficulty in breathing and eating,
owing to severe spasm of the thoracic and abdominal muscles. With
progressive involvement of the lower extremities, gait becomes stiff and
laborious and these patients have a tendency to fall "like a wooden man"
(Moersch and Woltman, 1956). Eventually, ambulation is impossible.
Similarly, as rigidity in the trunk muscles increases, the patient finds
it progressively more difficult to bend or sit up. Finally, this too
becomes impossible, leading to a completely bedridden, physically in-
capacitated state. Nocturnal myoclonus has been associated with sever-
al cases (Martinelli et a1., 1978). Approximately 10% of patients with
VB have epilepsy.

Electromyographic studies reveal a similar picture in all cases of
SVB: no evidence of lower motor neuione disease or myopathy; normal
motor and sensory nerve conduction velocities in all extremities; an
absence of muscular fasciculations or fibrillations; and the presence
of continuous, apparently normal, motor-unit activity in both agonistic
and antagonistic muscle groups at "rest". Muscle biopsy and brain and
spinal cord necropsy studies have been non-specific (Figs 18, 19, 21),
all findings either being consistent with those associated with the nor-
mal ageing process, or in the case of muscle biopsy, being attributable
to the prolonged, severe muscular spasms and rigidity. In one case,
an 8-year-old black girl, specific changes in the mitochondria (Fig. 20)
which could not have occurred as a result of the muscular spasms or ri-
gidity, remain unexplained (Isaacs, 1979).

The pathogenesis of SVB is at present obscure, although there have
been various suggestions as to the possible cause. It was found that
administration of L-dopa, a drug which lowers the concentration of
S-adenosylmethionine in the brain, resulting in an increase in the con-

centration of norepinephrine, causes increased muscular rigidity



134

(Schmidt et al., 1975). O the other hand, diazepam and baclofen,
which increase the activity of the gamma-aminobutyric acid (GABA) sys-
tem and reduce the activity of both brain and spinal catecnolaminergic
neurons, result in a decrease in frequency and severity of muscular
spasms (Howard, 1963). In view of these pharmacological results, it
was postulated that an imbalance between the GABA and catecholaminergic
neuronal systems was the cause of S\VS. Sore doubt has been cast on
the suggested involvement of the GABA system though, because of the
failure of 3WB to respond to administration of dipropylacetate, a drug
which increases the concentration of GABA in the brain. It was also
noted that the severity of muscular spasms is correlated directly with
the concentration of MG (3-methoxy-4-hydroxy-phenyl glycol) excreted
in the urine, namely, a high urinary MG concentration being associat-
ed with severe muscular spasms (Schmidt et al., 1975). MG is a
major metabolite required for the production of norepinephrine in the
brain. It is thought that diazepam reduces the formation of norepine-
phrine in the CNS, which results in a lowered urinary MG concentra-
tion and consequently in a reduction in the intensity of muscular
spasms. However, treatment by means of the various drugs results only
in symptomatic relief, particularly of the severity and frequency of
muscular spasms. Even these are altered only to a certain extent.
Other forms of treatment which have been used include psychotherapy,
shock treatment, hypnosis and physiotherapy, all of which had little or

no effect on the condition.

Recently, Maida et al. (1980), using computed tomography, reported
atrophy of the brain stem in a case of SVB From this observation,
and the presence of abnormal CSF levels, they concluded that a possible
cause of SVB in some cases may be an inflammatory process.

Although the clinical features of SWb resemble those of tetanus,
there are distinct differences between these two diseases. In SMS,
the muscular spasms are not as violent as in tetanus, muscular relaxa-
tion occurs more gradually and the jaw muscles are unaffected by the
spasms. Trismus, a common feature of tetanus, is nut found in SMS;
and whereas the duration of the conseouences of tetanus is only weeks

or months, SVb persists indefinitely.
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Figure 18 Stiff man syndrome. Case 27.

Normal muscle.

(H & E; x 320)

Figure 19.  Stiff men syndrome.  Case 27.

Normal muscle.

(EDTA/ATP; x 320)






Figure 20. Stiff man syndrome. Case 27.

Electron micrograph demonstrating swelling of
the R and distended mitochondria with rup-
tured cristae.

(x 12000)

Figure 21. Stiff man syndrome. Case 27.

Electron miciograph showing myofilamentous and

Z-line disruption as well as loss of myofibrils

(x 12000)
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MALIGNANT  HYPERTHERMA

Since the report by Denborough and Lovell (1960) of ten hyperpyrex-
ia! deaths in the same family, the malignant hyperthermia (MH) syndrome
has become recognized as one of the most common causes of anaesthetic-
induced deaths. This rare but often fatal complication which can ac-
company general anaesthesia, has an estimated frequency of one per
fourteen thousand anaesthetic events and a 64% mortality rate (Britt and
Kalow, 1970). It is inherited as an autosomal dominant characteristic

with variable penetrance (Denborough et al., 1962; Britt et al., 1969).

Malignant hyperthermia is the result of an abnormal muscle response
in susceptible individuals to various trigger agents, of which certain
anaesthetics (especially halothane and succinylcholine) have been found

to be the most common.

It has been discovered that in a large number of families, Mh is

associated with one of a number of myopathies (Denborough et al., 1970;
Steers et al., 1970), many of these being subclinical in nature (lsaacs
and Barlow, 1970a). The aetiology of this metabolic disorder is ob-

scure. However, it is thought that the syndrome occursas a result of

impaired binding of calcium ions to the membranes of the SR, leading to
uncoupling of oxidative phosphorylation and a resultant hypermetabolic,
exothermic state (Britt et al., 1973). Several other hypotheses re-

garding causation have been reviewed byBritt (1979).

The syndrome is characterized by arapid increase in body tempera-
ture during anaesthesia, and in most cases by an associated hypertonus
or muscle rigidity, which is often a distinctive feature of the episode
(Britt and Kalow, 1970). However, muscle rigidity and rise in tempera-
ture sometimes occur only in the advanced stages of a MH crisis, by
which time the patient's life has become seriously endangered. The re-
sult is decerebration, cardiac and renal failure and, finally, death.
The longer the duration of the anaesthesia and the higher the absolute
maximum temperature, the greater is the mortality rate (Britt and Kalow,
1970). Britt (1974) found that the most reliable initial symptom in

nearly all cases was tachycardia or other arrhythmias, often associated

with unstable blood pressure, flushing or mottling cyanosis of the skin
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and tachypnoea. Laboratory findings have included respiratory and
metabolic acidosis, hyperkalaemia, hypermagnesaemia, increased blood
levels of glucose, lactate and pyruvate, hyperphosphataemia, myoglo-
binuria, and elevated serum creatine phosphokinase (CPK) and other

enzyme levels (Britt and Kalow, 1970).

Once a case of MH has occurred in a family, a number of tests need
to be carried out to determine whether or not other members of the fami-
ly are carriers. Laboratory investigation includes muscle in vitro
contraction studies and histopathological and serum enzyme studies.

A raised OPK level has been used in diagnosis (lsaacs and Barlow, 1970b,
1973), although when considered alone its value is limited, owing to
the increased CPK activity that occurs in various other diseases not
related to WVH Muscle biopsy findings have proved to be non-specific
(Figs 22, 23), the most striking abnormality being seen on electron
microscopic examination of the mitochondria. Common features are rows
of distended mitochondria with distended/ruptured cristae (Fig. 24)
(Isaacs et al., 1973). In vitro muscle tension studies would appear
to cc the most reliable test, although even here some equivocal results
have been obtained. Consequently, it has oeen concluded that even
when a combination of the above criteria are used in an attempt to iden-
tify MH susceptible patients, a few cases may go undetected (lsaacs,
1977).

It has recently been suggested that "malignant hyperthermia" is a
misnomer; and the name "acute familial peranesthetic rhabdomyolysis"
has been proposed (Zsigmond, 1980).



Figure 22. Malignant hyperthermia. Case 28.

Note single fibre atrophy, fibre splitting and
multinucleated fibres.

(H & E; x 1280)

Figure 23. Malignant hyperthermia. Case 28.

This section shows grouping of both fibre types.

(ATPase, preincubated at pH 4.3; x 320)
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Figure 24. Malignant hyperthermia. No case number.

Electron micrograph illustrating mitochondrial
distension and showing ruptured cristae. The

R also appears to be swollen.

(x 12000)
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APPENDIX 4

EXAVPLES GF NORVAL AND ABNORVAL MUSCLE TENSION TRACINGS



Figure 25. Example of a normal muscle tension tracing.

(Normal 13}



Figure 2E. Example of a normal muscle tension tracing.

(Normal 13)
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Figure 26.

Example of an abnormal muscle tension tracing.

(Case 29)
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