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Implications of longitudinal muscle fibre splitting in
neurogenic and myopathic disorders
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suMMARY Histological and electromyographic studies indicate that longitudinal muscle fibre
splitting is a common finding in neuromuscular disorders. Separated fragments derived by split-
ting may undergo degeneration or enlarge to become separate, innervated fibres, thus leading to
an increased number of fibres within motor units. Splitting may, therefore, lead to the formation
of clusters of fibres of uniform histochemical type, but of variable diameter and length, both in
neurogenic and in myopathic disorders. Fibre splitting is thus a factor leading to functional

compensation in these disorders.

Longitudinal splitting of muscle fibres has at-
tracted little attention in the past (see Adams et
al., 1962), probably because, in formalin-fixed
tissue, it is difficult to distinguish true fibre split-
ting from artefactual cracking, caused by tissue
shrinkage. Fibre splitting is a well-known feature
of Duchenne and limb girdle muscular dystrophies
(Dubowitz and Brooke, 1973), and of Charcot-
Marie-Tooth disease (Haase and Shy, 1960), but
in other neuromuscular disorders it is said to be
uncommon (Dubowitz and Brooke, 1973). How-
ever, in frozen material longitudinal fibre splitting
can be recognised more easily, and it has recently
become apparent that fibre splitting is present in
other neuromuscular disorders (Cazzato, 1970;
Schwartz et al., 1976; Swash et al., 1977). 1t is
the purpose of this paper to review the histological
and EMG evidence for fibre splitting in neuro-
muscular disease and to discuss the implications of
the phenomenon for present concepts of the
pathology and natural history of these disorders.

Evidence for splitting

HISTOLOGICAL EVIDENCE

Longitudinal fibre splitting does not occur in
normal muscle, except near myotendinous in-
sertions (Bell and Conen, 1968). In a single trans-
verse section splitting can be recognised by the
presence of a cleft, usually beginning from the
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periphery of a fibre (Fig. 1). Clefts extending
across the whole diameter of a fibre, dividing it
into two parts of identical histochemical type, can
be recognised as splitting if the two parts are
enclosed in a single endomysial tube or if, in
consecutive transverse serial sections, the cleft
extends as a fissure through only part of the fibre
(Fig. 2). Fibre splitting is prominent in chronic
neurogenic disorders, especially in Charcot-Marie-
Tooth disease (Haase and Shy, 1973; Swash et al.,
1977), in Kugelberg-Welander disease (Cazzato,
1970; Schwartz et al., 1976), and in some cases of
motor neurone disease (Schwartz et al., 1976).
Splitting also occurs in chronic polymyositis
(Swash et al., 1977), and in Duchenne and limb-
girdle dystrophies (Erb, 1891; Bell and Conen,
1968; Dubowitz and Brooke, 1973).

In muscle biopsies of 18 patients with neuro-
genic disorders fibre splitting was found in 15. In
three of these biopsy samples more than 20 split
fibres, amounting to more than 5%, of the fibres in
the sample, were recognised in a single section
(Swash et al., 1977). In neurogenic disorders split-
ting predominantly affects hypertrophied fibres,
and in most instances (Figs. 2 and 3) individual
clefts or splits are associated with a centrally
placed sarcolemmal nucleus (Banker, 1960;
Schwartz et al., 1976). Splitting may consist only
of a single central or lateral fissure (Fig. 3), or it
may lead to the formation of two or more
apparently separate fibres of identical histo-
chemical type (Fig. 4), each surrounded by a layer
of basement membrane (Schwartz et al., 1976).
Splitting affects type 1 fibres more commonly than
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Charcot-Marie-Tooth syndrome: quadriceps biopsy (transverse section)

1153

from a man aged 43 years. NADH X 350. Splitting (arrows) affects several
adjacent hypertrophied type 1 fibres. There is a necrotic fibre nearby (N).

type 2 fibres (Schwartz et al., 1976). In serial
sections, these separate fibres may enlarge to
attain a cross-sectional diameter similar to that
of normal muscle fibres (Fig. 4). Others may fuse
with each other, or insert onto adjacent inter-
stitial connective tissue. It is likely that some split
fibres become entirely separated from their parent
fibre by this process, but in such instances it is
difficult to be certain that the separate smaller fibre
was derived by splitting from its neighbouring
fibre. Bell and Conen (1968) aptly termed these
fibres ‘nesting fibres’ (Fig. 3). Splitting also leads
to the formation of very small separated frag-
ments, some anucleate and non-viable, and others
nucleate but probably too small to become
functionally innervated (Schwartz et al., 1976).

In a study of the ultrastructural features (Fig. 5)
of this process of splitting in neurogenic disorders,
we have suggested that it results from stresses
imposed on weakened muscles by normal weight-
bearing loads (Schwartz et al., 1976), a process
similar to that shown experimentally in the rat
(Hall-Craggs and Lawrence, 1970). James (1973),
in a similar experiment in the rat, found that fibre
fragments of this type were often faintly baso-
philic, and we have found histological evidence
of active protein synthesis and of increase in size
in such fragments of split fibres in chronic neuro-
genic disorders in man (Schwartz et al., 1976;
Swash et al., 1977). The histological features of
these split fibres, however, are not those of active

subendomysial regeneration of the type discussed
by Schmalbruch (1976) (see Figs. 1, 2, and 5).

We have found that, in the chronic form of
polymyositis, hypertrophied fibres sometimes show
splitting similar to that found in hypertrophied
fibres in neurogenic disorders. In other fibres
‘splitting” consists of extrusion of necrotic portions
of damaged fibres, or is due to subendomysial
regeneration from myoblasts formed after seg-
mental necrosis, the sarcolemmal tube remaining
intact (Schmalbruch, 1976; Swash et al., 1977).
Splitting associated with fibre hypertrophy is not
a feature of acute polymyositis. In this disorder
‘splitting’ is usually related to segmental fibre
necrosis, or to regeneration.

Splitting of hypertrophied fibres in Duchenne
dystrophy and in limb-girdle dystrophy is well
recognised (Erb, 1891; Bell and Conen, 1968).

ELECTROMYOGRAPHIC EVIDENCE
In EMG and single fibre EMG investigations em-
ploying a trigger-delay line, late components,
appearing more than about 10 ms after the
initial action potential of a motor unit, have been
found both in neurogenic disorders (Borenstein
and Desmedt, 1973; Stalberg et al., 1975), and in
muscular dystrophy (Desmedt and Borenstein,
1973, 1975; Stalberg et al., 1974). Since the
oscilloscope is triggered by the first part of the
complex action potential of a single motor unit,
the late components in these studies probably
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Fig. 2 Serial transverse sections of quadriceps. Kugelberg-Welander disease of at least 10 years duration
in a 21 year old man. Haematoxylin and eosin X560. (a) A hypertrophied fibre, 250 ym in diameter,
contains a centrally-placed nucleus (arrows=splitting); (b) 22 um from (a). Two clefts, associated with
central sarcolemmal nuclei (N), invaginate the edge of the fibre (arrows=splitting); (¢) 70 um from (a).
The fibre has split into three apparently separate fibres.
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Fig. 3 Same biopsy as Fig. 1. Haematoxylin and
eosin X 350. Splitting (arrows), always associated with
central sarcolemmal nuclei, is often complex in form.
There is a small group of narrow, pointed
(denervated?) fibres.

represent fibres innervated by collateral axon
sprouts derived from the same motor unit. In
neurogenic disorders these late components
usually gave a greatly reduced propagation velocity
(Stalberg et al., 1975), and similar late potentials
with reduced propagation velocities have been
found in Duchenne muscular dystrophy (Stalberg
personal communication). The slowed propagation
velocity of the late components of these abnor-
mally complex motor unit potentials implies that
these action potentials arise in fibres of small
diameter. In neurogenic disorders the neuro-
muscular jitter of these late components is usually
increased, with intermittent impulse blockings,
suggesting that reinnervation of these small di-
ameter fibres is functionally unstable (Stalberg et
al., 1975). In some moderately advanced cases of
Duchenne muscular dystrophy similar potentials
with increased jitter and, rarely, with paired block-
ing, have been recorded (Stalberg et al., 1975;
Schwartz et al., 1977), but the explanation of this
phenomenon in this condition is, at present,
uncertain.

(o}

1155

Implications in neuromuscular disease

SPLITTING AND FIBRE-TYPE GROUPING

Fibre-type grouping is regarded as a phenomenon
found exclusively in neurogenic disorders
(Dubowitz and Brooke, 1973). In the neurogenic
disorders, increased fibre density found in single
fibre recordings can be correlated with histo-
chemical fibre type grouping (Schwartz et al.,
1977). In addition, histological studies of the
terminal motor innervation in these disorders,
using the supravital methylene blue technique,
have shown an increased terminal innervation
ratio, and the presence of two or more motor
endplates on single muscle fibres (Coérs et al.,
1973). Fibre-type grouping is thus usually taken
as strong evidence of reinnervation by axonal
sprouting. However, small groups of fibres of
similar histochemical type also occur in the myo-
pathies (Ringel et al., 1976), including Duchenne
muscular dystrophy (Schwartz et al., 1977) and
polymyositis (Ringel et al., 1976). The late motor
unit components (Desmedt and Borenstein, 1976)
and increased fibre density found in these myo-
pathies with single fibre EMG also indicate that
enlargement of the motor unit has occurred
(Schwartz et al., 1977).

There are several possible mechanisms which
might account for enlargement of motor units in
the myopathies. Firstly, small clusters of regener-
ating fibres must receive innervation by axonal
sprouting in order to become functional. This
phenomenon has been studied in regenerating
fibres after experimental crush injuries (Reznik
and Engel, 1970), and after ischaemic necrosis
(Allbrook and Aitken, 1951).

Secondly, segmental fibre necrosis may
separate a viable part of a fibre from its innerva-
tion (Denny-Brown, 1960). This denervated part
of a fibre will then develop extrajunctional
acetylcholine receptors (Katz and Miledi, 1964;
Ringel et al., 1976). Either denervation atrophy
(Hall-Craggs, 1971), or reinnervation by axonal
sprouting from a nearby motor unit will follow
(Miledi, 1962). Functional reinnervation of this
denervated portion of a fibre can also occur if
regenerating myotubes derived from the damaged
segment re-establish continuity between the den-
ervated and innervated parts of the fibre (Reznik,
1973), or with split or otherwise damaged, but
innervated, nearby fibres. The continuity of the
basement membrane scaffold of the damaged
fibre (Vracko, 1974) will determine which of these
processes Occurs.

Thirdly, longitudinal fibre splitting can lead to
forking of individual fibres. In serial sections
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(Fig. 2), the separated parts, which retain
functional innervation through their connection
with their parent fibre, often become larger in
cross-sectional area, resulting in a compensatory
increase in myofibrillar mass, and in an apparent
increase in the number of fibres in individual
motor units. In random transverse sections this
phenomenon may sometimes resemble fibre type
grouping (Fig. 2), and in single fibre EMG record-
ings it is one factor leading to an increased fibre
density, a phenomenon observed in both neuro-
genic (Stalberg et al., 1975; Schwartz et al., 1976)
and myopathic disorders (Stalberg et al., 1974;
Schwartz et al., 1977). The forked branches them-
selves may insert in the perimysium of adjacent
fibres, fuse with their parent fibres, or continue
for variable distances through the muscle belly
before ending blindly (Isaacs et al., 1973;
Schwartz et al., 1976). Ekstedt and Stalberg (1969)
have suggested that forked fibres can be recog-
nised with single fibre EMG by the finding of an
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Fig. 4 Kugelberg-Welander disease: same biopsy as
Fig. 2. ATPase. pH 4.3 X 140. (a) Several clusters of
fibres of similar histochemical type, but of variable
size, have been formed by splitting (arrows). One
cluster (double arrows) is clearly subendomysial; (b)
A similar, larger cluster. In this section the origin of
this cluster of type 1 fibres is uncertain, but serial
transverse sections showed that they were formed by
splitting from a single fibre.

abnormally low neuromuscular jitter between two
action potentials belonging to the same motor
unit, but this seems to be a very rare phenomenon
(Schwartz et al., 1976).

Fourthly, longitudinal fibre splitting may result
in the formation of completely separate fibres. At
first these fibres will lack innervation, but if
axonal sprouting and new endplate formation
occur the split fibres will become functional com-
ponents of an enlarged motor unit. These newly
formed fibres will be shorter than normal fibres
and will vary in cross-sectional area. They will
probably arise and insert from the perimysium
of adjacent fibres. In transverse sections this
phenomenon can usually be recognised by the
presence of clusters of fibres of similar histo-
chemical type, but of varying size (Fig. 2). Split
fibres may change their histochemical type in
response to their new innervation but this will
only very rarely be recognisable (Aloisi et al.,
1974; Schwartz et al., 1976).
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Fig. 5 Electron micrograph, transverse section. Fibre splitting in Kugelberg-W elander disease: same biopsy
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as Fig. 1. A fissure, marked by a line of mitochondria (M), extends from the advancing edge of a cleft (*),
separating the fibre into two parts. The plasma membrane lining the cleft is invaginated (arrows) by
pinocytotic vesicles (cf Schwartz et al., 1976). The cleft contains a few collagen fibrils (c), and a fibroblast

(F). T=tubules of the sarcoplasmic reticulum.

SPLITTING AS A COMPENSATORY PROCESS

In biopsies of longstanding neurogenic disorders
secondary ‘myopathic’ abnormalities are com-
mon (Drachman et al., 1967; Schwartz et al.,
1976). Fibre splitting is an important factor in
the development of these abnormalities (Schwartz
et al., 1976). It may result in an increase in the
number of fibres and thus of myofibrillar mass in
the weakened muscle, or it may lead to the forma-
tion of small non-viable fragments and thus to
failure of compensation. In Duchenne muscular
dystrophy EMG evidence of late components
(Desmedt and Borenstein, 1975, 1976) with a
markedly increased fibre density, and histo-
chemical fibre type grouping, are all most
prominent in the intermediate stages of the
disease (Schwartz et al., 1977). In addition, Bell
and Conen (1968) noticed that longitudinal fibre
splitting was most common at this stage, when
mobility is still possible. Later in the course of the
disease compensation fails to keep pace with the
progress of the disease, perhaps because regenera-

tion fails, but also because continual fibre splitting
results in the formation of fragments of insuffi-
cient size to become functional. Reinnervation of
fibre fragments, or of regenerating fibres, may also
be less successful at this stage. Reinnervation
could be impaired because increasing interstitial
fibrosis acts as a physical barrier to axonal sprouts,
because there is less muscle fibre regeneration, or
because split or regenerating fibres may be unable
to attain a sufficient size to provide a suitable
stimulus to attract innervation, or to form end-
plates. These factors are probably important in
the rapid decompensation that occurs in the later
stages of the disease.

In histological studies of the motor innervation
in Duchenne muscular dystrophy, fine, beaded
subterminal nerve fibres, forming small irregular
endings on ‘atrophic’ fibres, have been found,
but the terminal innervation ratio is normal
(Coérs et al., 1973). Further histological work is
needed to resolve the apparent conflict between
this observation and the other histological
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(Schwartz et al., 1977) and physiological evidence
(Borenstein and Desmedt, 1973; Desmedt and
Borenstein, 1975, 1976; Schwartz et al., 1977).

In healed, longstanding polymyositis large poly-
phasic motor unit potentials of increased duration
are often recorded (Mechler, 1974), and in such
patients fibre type grouping is seen (Ringel et al.,
1976). We have found similar EMG and histo-
chemical findings in chronic polymyositis and, in
addition, we have noted that fibre splitting is
present (Swash et al., 1977). Fibre splitting may
thus also be a contributory factor leading to
fundamental compensation in polymyositis.

In biopsies of chronic or slowly progressive
neurogenic disorders fibre hypertrophy with fibre
splitting and scattered regenerating fibres
(Drachman et al., 1967; Schwartz et al., 1976) are
common features, and these lead to random
variability in fibre size giving a myopathic appear-
ance. These features probably represent a com-
pensatory process leading to an increase in
myofibrillar mass of functionally innervated fibres
within enlarged motor units. However, in very
longstanding neurogenic disorders, for example in
long survivals after poliomyelitis, this secondary
‘myopathic’ change may itself lead to functional
decompensation, as suggested by Drachman et al.
(1967).

Conclusion

The role of longitudinal fibre splitting in progres-
sive or longstanding neuromuscular disorders has
been relatively neglected, although splitting was
first recognised nearly a century ago (Erb, 1891).
It deserves more attention, however, because it
offers an explanation for many of the conflicting
features of histological and electrophysiological
investigations in the myopathies themselves
(Borenstein and Desmedt, 1975; Workshop, 1975),
and of the secondary ‘myopathic’ changes found in
chronic neurogenic disorders (Schwartz et al.,
1976). Further, it is one of several factors leading
to functional compensation in the natural history
of both neurogenic and myopathic disorders.
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