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Neurophysiological observations on corticospinal
projections to the upper limb in subjects with Rett
syndrome

J A Eyre, A M Kerr, S Miller, M C O'Sullivan, V Ramesh

Abstract
The aim of the present study was to
investigate the excitability of cortico-
spinal neurons and the integrity of their
projections to the alpha motor neurons
through the corticospinal tract in sub-
jects of different ages with Rett syn-
drome. Electromagnetic stimulation of
the motor cortex and cervical motor
roots was used to evoke motor action
potentials in the biceps brachii and
hypothenar muscles. The phasic stretch
reflex in the biceps brachii was also
recorded to study the excitability of
spinal alpha motor neurons. Motor cor-
tex stimulation evoked motor action
potentials at low threshold and with
abnormally short latencies and prolon-
ged durations. In contrast cervical motor
root stimulation resulted in responses of
normal latency and duration. The phasic
stretch reflex had a low threshold, short
latency and prolonged duration. It is
concluded that in Rett syndrome the
corticospinal pathway is intact. The
results suggest disordered synaptic con-
trol of the Betz cell of the motor cortex
and/or the spinal alpha motor neuron,
although the involvement of the latter
might be a consequence of dysfunction in
supraspinal descending motor pathways.
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Severely disordered control of movement
associated with profound mental handicap is
the hallmark of Rett syndrome"3 a neuro-

logical disorder which exclusively affects
females. The motor component of the syn-
drome is highly characteristic and includes
abnormal control of voluntary movement, dis-
ordered tone, spasticity and the presence of
involuntary movements.4

Rett syndrome affects one in 12 000
females,56 the signs appearing in the first year
after birth, while development is apparently
normal. A period of regression of one to two
years then follows, when skills in speech,
manipulation and locomotion are lost."' The
girls with Rett syndrome are then left with
paucity of voluntary movement, poor coordin-
ation, and jerking and writhing involuntary
movements, which are most marked in the
hands and arms but also affect the lower
limbs, trunk and face."'

Following the regression period purposeful
hand use is particularly impaired with lack of
fine finger control. The tendon reflexes are

brisk, ankle clonus is frequently present; the

Babinski sign has been reported to be positive
in some subjects"3 but not in others.6 Muscle
tone tends to increase with age and this is
usually associated with spasticity."13 Taken
together these signs suggest involvement of
corticospinal neurons projecting from the
motor cortex in the pathophysiology of the
movement disorder.
The aim of this study was therefore to use

the non-invasive method of electromagnetic
stimulation of the motor cortex to investigate
the excitability of corticospinal neurons and
the integrity of their projections to alpha
motoneurons through the corticospinal tract
in subjects of different ages with Rett syn-
drome. The phasic stretch reflex was also
recorded to study the excitability of spinal
alpha motor neurons.

Methods
Subjects
The study was performed in eight subjects,
between five and 26 years, who fulfilled all the
necessary criteria and many of the supportive
criteria for a diagnosis of Rett syndrome, as
specified by the Rett syndrome diagnostic
criteria work group.4 The clinical details are
summarised in table 1. The neurophysio-
logical data obtained from these subjects were
compared with those of 350 normal subjects
aged from birth to adulthood.'01' Approval
of the University of Newcastle upon Tyne
Ethical Committee and informed parental
consent were obtained.

Electromyograms
Electromyograms were recorded with surface
mounted, standard EEG electrodes placed on
the belly of the right biceps brachii and over
the right hypothenar muscles. The signals
were amplified by a Nicolet amplifier (CA
1000) and filtered with a bandpass - 3dB at 5
Hz and 1-5 kHz.

Electromagnetic stimulation of the motor cortex
In all subjects the motor cortex was excited
with an electromagnetic stimulator (MagStim
200, Novametrix). The stimulating coil
(diameter 9 cm) was held over the scalp,
tangential to the vault of the skull, and was
positioned to obtain motor action potentials in
the biceps brachii and hypothenar muscles.

In the normal subjects motor action poten-
tials were evoked initially when both muscles
were contracting. Muscle contraction was
obtained in those subjects older than two
years by placing a weight in the out-stretched,
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Table 1

Subject 1 2 3 4 s 6 7 8

Age (years) 5 7 8 8 8 9 16 26
Height (cm) 111 108 121 121 111 116 136 152
Arm length C5 to fifth finger

tip (cm) 59 55 66 64 60 63 78 75
Length C5 to midpoint

biceps brachii (cm) 19 18 22 21 20 21 26 25
Scoliosis + + + + + + + +
Hyperventilation + + + - + + + +
Walking independently + - - + + + - +
Increased biceps reflexes + + + + + + + +
Increased patellar reflexes + + + + + + + +
Increased ankle reflexes + + + + + + + +
Ankleclonus + + + + + - - +
Babinski sign
Spasticity + + + + + + + +

Definitions
+ = present
- = not present
Hyperventilation: intermittent hyperventilation and breath-holding.24
Spasticity: velocity dependent increase of muscle tone following stretch.'

supinated hand, with the arm adducted at the
shoulder and flexed at the elbow to about 90°.
In those aged less than two years muscle
contraction was elicited using the traction
reflex. An attempt was then made to evoke
motor action potentials in the muscles when
relaxed.
The subjects with Rett syndrome were not

able to hold a weight in their hand nor were
they able to sustain a contraction voluntarily.
In these subjects the evoked motor action
potentials were only studied in relaxed
muscles.

Electromagnetic stimulation of the cervical
motor roots
In all normal subjects and in the five subjects
with Rett syndrome that were tested (subjects
1, 2, 3, 4, 5) the cervical motor roots were
stimulated electromagnetically by placing the
stimulating coil (diameter 7 cm) in the coronal
plane dorsal to the cervical spines C5 to C .
The coil position was adjusted and the
stimulus intensity reduced to obtain the lon-.
gest latency to the onset of motor action
potentials in the relaxed biceps brachii and the
hypothenar muscles.'2

Phasic stretch reflex
The phasic stretch reflex in the biceps brachii
was elicited with a hand held electro-mechan-

O Biceps brachii

Cervical spine

Normal
subject A

IeH

Cortex

ical vibrator (model 201, Ling Altec) deliver-
ing a single cycle of a 150 Hz sine wave, peak
to peak amplitude 0-5 mm. The stimulus
started from the zero crossing point of the sine
wave with an outward movement. The stylus
of the vibrator was placed over the tendon of
the biceps brachii in the cubital fossa. In each
normal subject an attempt was made to obtain
a phasic stretch reflex first in the relaxed and
then in the contracting biceps brachii. In the
subjects with Rett syndrome the reflex was
only studied in relaxed muscle.

Data analysis
For Rett cases and normal subjects the motor
action potentials evoked by electromagnetic
stimulation and vibration were recorded on
magnetic tape (Racal Store 4 Tape Recorder)
and analysed off-line. Following cortical
stimulation eight motor action potentials in
both the biceps brachii and hypothenar mus-
cles were recorded. The latency was deter-
mined as the shortest latency in any single
response; the duration of the response was
determined from the average of the eight
responses. Following cervical spine stimula-
tion the latency was determined from the
longest latency of any single response and the
duration from the average of eight responses.
For the stretch reflex the onset latency was
determined by the shortest latency of any
single response and the duration was
measured from averages of 20 motor action
potentials.

Results
1) Electromagnetic stimulation of motor cortex
and cervical motor roots
In the eight subjects with Rett syndrome
electromagnetic stimulation of the motor cor-
tex evoked motor action potentials in the biceps
brachii and hypothenar muscles. Figure 1
shows representative recordings of evoked
motor action potentials in the biceps brachii
and hypothenar muscles in subject 3 aged eight
years and from an eight year old normal
subject. It is important to note that in normal
subjects below the age of nine years elec-
tromagnetic stimulation of the motor cortex

Hypothenar muscle

Cervical spine

"I
Rett

subject
-

es

A'

Cortex

~~~~~200,uVI

20 ms .
i I

Figure I Motor action potentials following electromagnetic stimulation of cervical spine and motor cortex. Arrows indicate timing of stimulation.
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Figure 2 Onset latencies
of motor action potentials
following electromagnetic
stimulation of the motor
cortex in relation to age of
subjects. The filled and
open circles indicate the
median values for normal
subjects in contracted and
relaxed muscles,
respectively. The hatched
area defines for normal
subjects the interquartile
range in contracted muscle
and the stippled area the
interquartile range in
relaxed muscle. The
triangles indicate data for
the Rett subjects in relaxed
muscle.
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does not excite motor action potentials in
relaxed muscles even when 100% of stimulator
output is used; facilitation by background
muscle contraction is required for a response'0
(fig 1). In all eight subjects with Rett syndrome,
including the five subjects aged less than nine
years, motor action potentials could easily be
evoked in both the biceps and hypothenar
muscles when they were relaxed, indicating a
lower threshold for activation (fig 1).

In figs 2A and B the latencies of onset of the
evoked motor action potentials in the relaxed
biceps brachii and hypothenar muscles follow-

ing brain stimulation are shown in relation to
the normal latencies for age in both contracted
and relaxed muscles. The latencies for the eight
Rett subjects are below the lower interquartile
range for age in both muscles, when relaxed. In
the hypothenar muscles the onset latencies for
all subjects also lie below the normal values for
both contracted and relaxed muscle. In the
biceps the values for two subjects lie within the
interquartile range for contracted muscle. The
low values ofthese latencies might be attributa-
ble to a shorter conduction pathway in view of
the subjects' short stature (table 1). In fig 3A
therefore the latencies to the biceps are plotted
in relation to the distance from C5 spine to the
mid-point of the biceps brachii. Similarly, in
fig 3B the latencies to the hypothenar muscles
are plotted against the length of the arm (C5
spine to tip of the fifth finger). The values for
the Rett subjects still lie below the lower
interquartile range for relaxed muscle indicat-
ing a real shortening of the latency.
The durations of the motor action potentials

evoked in relaxed biceps and hypothenar mus-
cles in the Rett subjects are shown in fig 4A and
B in relation to data from normal subjects for
both relaxed and contracted muscles. In both
muscle groups the durations of the evoked
motor action potentials lie well above the
normal range with some values more than twice
the upper limit of the interquartile range.

In the five Rett subjects in whom cervical
motor root stimulation was studied, the motor
action potentials in both the biceps brachii and
the hypothenar muscles were of normal onset
latency and duration for age (fig 1).

2) Phasic stretch reflex
In the eight Rett subjects phasic stretch
reflexes were evoked in relaxed biceps brachii
following mechanical vibration of the tendon.
Figure 5 shows representative recordings of
motor action potentials evoked in subject 3 and
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Figure 3 Onset latencies of motor action potentialsfollowing electromagnetic stimulation of motor cortex in relation to
conduction distance. Thefilled and open circles indicate the median valuesfor normal subjects in contracted and relaxed
muscles, respectively. The hatched area definesfor normal subjects the interquartile range in contracted muscle and the
stippled area the interquartile range in relaxed muscle. The triangles indicate data for the Rett subjects in relaxed
muscle.
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in an aged matched normal subject. It should
be noted that in normal subjects above the age
oftwo years it is not possible to evoke the reflex
in relaxed muscle using this stimulus; a back-
ground muscle contraction is required to
obtain a response.11 In the eight Rett subjects,
all older than two years, phasic stretch reflexes
could be elicited in relaxed biceps, indicating a
lower threshold of activation.
The latency of onset of the phasic stretch

reflex in relation to the ages of the Rett subjects
is shown in comparison to data obtained from
normal subjects in fig 6. The latencies obtained
from the Rett subjects tended to be short, with
the data from seven subjects clustering about or
below the lower interquartile range for normal

Figure 4 Durations of
motor action potentials
following electromagnetic
stimulation of motor cortex
in relation to age of
subjects. The filled and
open circles indicate the
median valuesfor normal
subjects in contracted and
relaxed muscles,
respectively. The hatched
area defines for normal
subjects the interquartile
range in contracted muscle
and the stippled area the
interquartile range in
relaxed muscle. The
triangles indicate datafor
the Rett subjects in relaxed
muscle.

IAn Biceps brachii A

E
c

0

16

14

- 12
c

, 10
0

8

A~~~~~~

A

n1-
wl 1 5 10

Age (years)
15 320

Figure 6 Onset latencies ofphasic stretch reflexes in the
biceps brachii in relation to age of subjects. The filled and
open circles indicate the median valuesfor normal subjects
in contracted and relaxed muscles, respectively. The
hatched area definesfor normal subjects the interquartile
range in contracted muscle and the stippled area the
interquartile range in relaxed muscle. The triangles
indicate datafor the Rett subjects in relaxed muscle.

subjects in contracting muscle. As in fig 3A and
B, a plot of the latencies in relation to arm
length still showed the latencies to be short for
six of the Rett subjects (fig 7). The latency of
the phasic stretch reflex in the Rett subjects is
obtained from relaxed muscle and that from the
normal subjects when the biceps brachii was
contracting. If it were possible to elicit the
stretch reflex in normal subjects in relaxed
muscles the onset latency would be longer than
that in contracting muscle because of the need
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Figure S Recordings of
phasic stretch reflexes in a
normal subject and a Rett
subject, both of eight years
of age. Arrows indicate
timing of stimulus.
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Figure 7 Onset latencies ofphasic stretch reflexes in
biceps brachii in relation to conduction distance. The
filled circles indicate the median values for normal
subjects. The open area definesfor normal subjects the
interquartile range. The data have not been plotted with
respect to contracted and relaxed muscle, because of the
overlap ofarm length up to the age offour years.
However, all the data relating to distances above 10 cm
relate to contracted muscle. The triangles indicate data of
the Rett subjects in relaxed muscle.
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Figure 8 Durations ofphasic stretch reflexes in biceps
brachii in relation to age of subjects. The filled and open
circles indicate the median values for normal subjects in
contracted and relaxed muscles, respectively. The hatched
area definesfor normal subjects the interquartile range in

10 ms contracted muscle and the stippled area the interquartile
---I range in relaxed muscle. The triangles indicate datafor

the Rett subjects in relaxed muscle.
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for greater temporal summation of the afferent
excitatory input to the motor neuron. Thus a

comparison of the latency in relaxed muscle in
the Rett subjects with normal data from con-

tracting muscles is likely to underestimate any

degree of shortening of the onset latency.
The durations of the phasic stretch reflexes

in the Rett subjects were longer than in normal
subjects (fig 8).

Discussion
In the subjects with Rett syndrome motor
action potentials could be evoked easily follow-
ing electromagnetic stimulation of the motor
cortex. This was unexpected in view of the
severe impairment of voluntary movement
control and the clinical signs, both of which
suggest pathology ofthe corticospinal pathway.

Studies in monkeys have shown that elec-
tromagnetic stimulation of the brain evokes
both direct and indirect volleys (D and I waves)
in the corticospinal tract.'3 '4 In studies of adult
human subjects there is evidence that electro-
magnetic stimulation excites the Betz cells in
the motor cortex largely trans-synaptically.""'7
Therefore, the ability to evoke motor action
potentials following brain stimulation in Rett
subjects may imply not only integrity of the
corticospinal tract, but also the existence of
functionally active, excitatory synaptic inputs
to Betz cells in the motor cortex.

This study reports for the first time the
occurrence of abnormally short latencies for
the onset of motor action potentials following
brain stimulation, in conjunction with ab-
normally prolonged durations and reduced
thresholds for activation. The short latency
indicates that either the largest myelinated
fibres of the corticospinal tract conduct with
faster velocities than normal or that the time for
bringing the corticospinal neuron and/or the
spinal alpha motor neuron to firing threshold is
diminished.
An increased excitability of Betz cells and/or

a greater density of excitatory inputs to these
cells would result in a lower threshold for direct
activation (D waves) and a greater probability
for evoking multiple I waves, leading to short
latency and prolonged duration responses. The
low threshold and the prolongation of the
biceps motor response to both stretch and brain
stimulation would also be predicted, if at the
spinal level there were increased excitability
and/or decreased inhibitory control of the
alpha motor neuron. This proposal is suppor-
ted by the observation that the motor action
potentials evoked by stretch of biceps brachii
have similar characteristics to those following
brain stimulation: short latencies in compar-
ison to age matched normal subjects, prolonged
duration of response and low threshold for
activation." The conduction delays of the peri-
pheral efferent and afferent components of the
phasic stretch reflex are likely to be normal, as

evidenced by 1) the normal onset latencies and
durations ofthe motor action potentials follow-
ing electromagnetic stimulation of cervical
motor roots in the five Rett subjects examined
in this study, and 2) the normal durations and

the normal or even slightly prolonged latencies
of the peripheral components of the somato-
sensory evoked potential observed in subjects
with Rett syndrome.8 19 The short latencies of
the phasic stretch reflex are therefore likely to
result from a reduction in the synaptic delay
and the prolonged responses from prolonged
alpha motor neuron activation.
Although neuropathological studies have

reported some gross abnormalities in subjects
with Rett syndrome, for example, decreased
brain weight, cortical atrophy and some slight
atrophy of spinal grey matter,20 21 no un-
equivocally specific changes have been demon-
strated. The most striking neurophysiological
abnormalities so far documented concern the
wide-spread and severe abnormality of the
EEG observed in all subjects tested22 23 suggest-
ing diffuse, bilateral cortical involvement. The
virtual absence of voluntary movement, par-
ticularly of the hand and fingers, together with
the observations in this study of normal or
possibly faster than normal conduction in the
corticospinal pathway, provides further
evidence that the disorder lies "upstream" of
the outflow from the motor cortex. Thus the
lesion may involve motor and/or sensory
association areas, or the systems concerned
with motor planning which project to the
motor cortex, such as cerebellum, basal ganglia
and limbic lobe. Our results also suggest disor-
dered synaptic control of the Betz cell of the
motor cortex and/or the spinal alpha motor
neuron, although the involvement of the latter
might be a consequence of dysfunction in
supraspinal descending control.
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