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nerves in the fingers. Gilliatt and Sears (1958),
recording from surface electrodes at the wrist,
stimulated the digital nerves of the index finger in a
group of 28 subjects, and recorded a response
varying from 9-45 ,uV. Buchthal and Rosenfalck
(1966), recording unipolarly from the median nerve
at the wrist with a needle electrode, have shown
that the recorded potential increases with the
number of active nerve fibres, a quantitative
relationship being obtained by comparing the

response obtained when the fingers were stimulated
simultaneously, with that obtained when the fingers
were stimulated separately. In 10 observations on
subjects between the ages of 16 to 25 years, stimu-
lating the digital nerves in the thumb and first
two fingers simultaneously, they obtained responses
of 79 ± 9 uV with an S.D. of 30 ,uV. Stimulation of
the ring finger alone gave a response of 17 uV. On
simultaneous stimulation of the first three fingers
they observed that the response from the nerve at
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FIl,. 5. Effects ofisch2smia on the compound action potential evokedby a supra-maximal stimulus. Upper row = during
ischuemia, Lower row = after release of cuff. Figures indicate time in minutes.
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Fio. 6. Effects of .schaemia on the compound action potential evoked by sub-maximal stimulus. Time during and after
ischaemia shown as in Figure 5.
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The effect of ischaemia on the excitability of human sensory nerve

the wrist was a polyphasic one. The first phase of
the response originated from the thumb at a con-
duction distance of 12 cm, and the second from the
index finger at a conduction distance of 17 cm, this
polyphasic response being resolved into a triphasic
one when the stimulus to the thumb was delayed
by 0 6 msec.

In our experiments the thumb and three fingers
were stimulated simultaneously to obtain a maxi-
mally summated potential. A triphasic response
was obtained by positioning the stimulating
cathodes on the thumb and three figures, so that
the conduction distances from stimulating cathodes
to the recording electrodes were very nearly equal.
The mean maximum response recorded in this way
(103 ttV ± 26-2 ,uV) corresponds very closely with
the maximum summated potential of 96 ,uV
obtained by Buchthal and Rosenfalck (1966).
The standard deviation of 2500 of response size

in our series corresponds with the 40% deviation in
Buchthal and Rosenfalck's series (Buchthal and
Rosenfalck, 1966), and the 30-50%. deviation in
Gilliatt and Sears's (1958) series, and is probably
due to individual anatomical differences.

Gilliatt, Melville, Velate, and Willison (1965)
have investigated the changes in the shape and
amplitude of the response when monopolar and
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FIG. 7. Change ofresponse size during and after ischaemia
as evoked by supra-maximal (open circles) and sub-
maximal (filled circles) stimuli. Figures 5, 6, and 7 show
observations made on the same subject.

bipolar recording systems were used, and conclude
that wave forms recorded from a single active
electrode were simpler to interpret than those
obtained when the nerve volley passed successively
under two active surface electrodes. When a pair
of active electrodes was used, their inter-electrode
distance affected both the amplitude and duration
of the recorded nerve potential, short inter-electrode
distances tending to reduce the size of the recorded
potential. This Prrangement, however, gave a much
better rejection of the random activity derived from
adjacent muscles. Buchthal and Rosenfalck (1966)
have confirmed these findings. Using needle
electrodes to record the evoked potential from the
median nerve at the wrist, they observed that the
response amplitude was maximal when the inter-
electrode distances were between 30-45 mm, the
amplitude being reduced to 50% of the maximum
value when the electrode distance was reduced to
15 mm. In our experiments bipolar surface electrodes
with a constant electrode separation of 25 mm
were used; a compromise was effected between the
advantage of recording a potential of optimal size
with a large inter-electrode distance, and the
maximum advantage of common mode rejection
of muscle potentials by differential amplification,
which necessitates a short electrode separation.
The particular features of our experiments favoured
the use of a short inter-electrode distance. Since
sequential changes were being studied, the con-
ventional technique of photographic superimposition
of traces was inapplicable, while the high amplifica-
tion employed made the rejection of muscle potentials
a factor of crucial importance. This was especially
necessary, as muscle twitching occurs very com-
monly during the production of ischaemic and
post-ischaemic paraesthesiae.

In our series the mean latency of the response
at the wrist was 2-0 msec, range 1 7-2-7 msec,
S.D. ± 0-2 msec. Gilliatt and Sears (1958) give a
range of 25-40 msec in their series of 28 cases;
here latency was measured to the peak of the main
negative deflection over a conduction distance of
11-15 cm. These latencies, which are significantly
longer than those reported in our series, can be
accounted for in terms of the delay between the
peaks of the positive pre-potential and the main
negative spike. Buchthal and Rosenfalck (1966)
obtained latencies of 2 5-3d1, ± 0 1 msec, for conduc-
tion distances of 12-4-17-0 cm in a group of 37 young
subjects. In our experiments the conduction distances
ranged from 10-4-14-2 cm.
No attempt was made during this study to deter-

mine a distal conduction velocity, because an
accurate assessment of conduction distances cannot
be made. Withsupra-maximal stimuli, theassumption
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FIG. 8. Results obtained from nine subjects, showing effects of ischaemia on the response to a sub-maximal stimulus.
Horizontal lines close to abscissa indicate times of onset and duration ofparasthesiae.

that the propagated nerve impulse originates under
the stimulating cathode is no longer valid (Rushton,
1949; Gilliat et al., 1965).

It is evident from Figs. 4a and b that, once the
stimulus intensity has reached threshold value,
further increase of the stimulus strength produces a

marked increase in the size of the response, until a
critical value of stimulus strength is reached, beyond
which the size of the response remains constant.
Figure 4b shows that the response grows most
markedly in size, from 25-75% of its maximum
value, when the stimulus strength is increased
from 0 45-0 63 of the strength required to elicit a

maximal response. This would indicate that there
is in the nerve trunk a group of nerve fibres whose
thresholds lie within this range, the activity of this
group of fibres contributing fully 50% to the size of
the maximum response. Since a relatively large num-

ber of fibres share a narrow threshold, changes in
the excitability of this fibre group can best be studied
by using a test stimulus of constant strength which
is threshold for approximately half the number of
fibres of this group. This feature led to the choice
of a test stimulus which gives a response of about
45% of maximal. With simultaneous stimulation of
four fingers, the maximum response is in the region
of 100 ,tV, and the test stimulus elicits a response
of 45 ,uV. This potential size is large enough to be
recorded at relatively low amplifications, thus
maintaining a high signal-noise ratio. It follows,
therefore, that an increase in the excitability of
fibres ordinarily just beyond the range of this
stimulus would reduce their thresholds and render
them excitable, while a decrease in the excitability
of fibres previously excited by the stimulus would
raise their thresholds to a value that now leaves
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them unaffected by the stimulus. Thus an increase
in excitability would result in the recruitment of
additional fibres, while a decrease would reduce the
number of active fibres, and this change would be
reflected as a change in the size of the recorded
potential.
With the stimulating cathode and anode widely

separated on the fingers, it is a reasonable assump-
tion that the larger diameter nerve fibres have a
lower threshold than the smaller diameter ones
(Rushton, 1951). Histograms of the fibre composition
of the digital nerves, examined by electron micro-
scopy (Buchthal and Rosenfalck, 1966), show a
bimodal distribution of the fibres with peaks at
3 ,u (range 1-3 t) and 9 ,u (range 6-13 ,u). Thomas
and Fullerton (1963) gave similar values.

Buchthal and Rosenfalck (1966), however, using
a stimulus 30-50 times threshold, could find no
evidence of a response derived from the 2-5 ,u fibres.
Nor could they, by use of an electronic averaging
device, detect evidence of a response derived from
the largest diameter fibres. They deduce from a
reconstruction of the compound potential that the
response recorded at the wrist is made up of the
responses of the 6-12 IL fibres, the initial positive
pre-potential being derived from the 11 ,u fibres.

Figure 7 illustrates the effects of ischaemia on the
excitability of the nerve when the test stimulus used
is a maximal one, presumably stimulating all the
fibres of the 6-12 ,u group, and when the test
stimulus is a sub-maximal one, stimulating only its
lower threshold component. It can be seen that
supra-maximal stimuli reveal only the decrease of
excitability that occurs in the whole nerve, whereas
the sub-maximal ones demonstrate the increases
and decreases occurring in the low threshold group.
Figure 7 shows that an increase in excitability-
as evidenced by an increase in response size-does
occur during the early period of ischaemia, at a
time when the response to a supra-maximal stimulus
is of constant size. After this period the depressant
effects of ischaemia become manifest, there is a
rapid inactivation of the low threshold fibres, and
the response is no longer discernible after the
28th minute. In 10 out of the 15 subjects studied,
the action potential disappeared completely by the
30th minute of ischaemia, while five subjects had
an action potential which was less than 10% of its
original size at this time.
These excitability changes occurring in the sensory

fibres of the median nerve during ischaemia are
very similar to those demonstrated in motor nerve
fibres by Kugelberg (1946), while Fullerton (1963)
found a demonstrable fall in the motor nerve
threshold during the 10th minute of upper limb
ischaemia, which was followed by a gradual increase

in the threshold during the 20th and 30th minutes
of ischaemia.

Figure 7 also shows that a maximal stimulus
evokes a response which is reduced to 20% of its
pre-ischaemic size at the end of a 30 min period of
ischaemia, while the response to a sub-maximal
stimulus is negligible. This may be due to the low
threshold fibres activated by the sub-maximal
stimulus being more susceptible to the effects of
ischaemia than the high threshold fibres. Alterna-
tively, the persistence of a response to a maximal
stimulus may be due to the fact that ischaemia pro-
duces an increase in the threshold of all the mye-
linated fibres of the nerve. A maximal stimulus may
therefore continue to excite some of the low
threshold fibres which had ceased to respond to a
sub-maximal stimulus.
On releasing the cuff, a very rapid rise in the

amplitude of the action potential is observed within
the first 2 min (75-85% of its original size). There-
after, the rate of growth of the action potential
diminished abruptly in all subjects examined.
The beginning of this phase corresponded well with
the time of onset of the post-ischaemic paraesthesiae.
It seems likely that the first phase of rapid recovery
raises the excitability of the fibres of the low thres-
hold group to a critical level, causing them to
generate impulses spontaneously. These impulses,
when conducted centrally, give rise to the sensation
of paraesthesiae, and propagated antidromically
down the nerve fibres, render them transiently
refractory to the test stimulus applied to the digital
nerves. This would reduce the size of the evoked
potential recorded at that moment. In these terms,
the second phase would correspond to the period
of maximum excitability of the nerve fibres. Of the
15 subjects studied, 10 showed a significant increase
in the rate of growth of the action potential following
cessation of the post-ischaemic paraesthesiae. It is
our view that the real increase in size of the action
potential following the release of the cuff was
masked by the onset of the post-ischaemic
paraesthesiae.
These experiments demonstrate that ischaemic and

post-ischaemic excitability changes occur in the
same group of low threshold fibres, confirming the
views of Merrington and Nathan (1949) and
Nathan (1958), rather than those of Weddell and
Sinclair (1947). The experiments, however, do not
define the site of origin of the spontaneously
generated impulses. They may arise within the
distal segment of the nerve between the recording
and stimulating electrodes. Alternatively, as sug-
gested by Merrington and Nathan (1949), they may
originate in the segment of the nerve beneath the
cuff and travel antidromically into the distal
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segment. Nathan (1958) observed that the sensations
of touch and pressure were well preserved in a limb
that had been rendered ischaemic for 10-15 min,
after which the sensations were progressively
obliterated. With restoration of the blood supply
there was a very rapid recovery of sensation during
the first 1 or 2 min, after which the onset of severe
post-ischaemic paraesthesiae masked even the
sensation produced by a strong electrical stimulus
applied to the digital nerves. This phase of sensory
blunting lasted for 3-5 min, normal sensation
returning to the limb when the paresthesiae declined
in severity. The time course of these events is
parallel to the changes of excitability that have been
described in our experiments.

Several workers have studied the effects of
asphyxia on isolated mammalian nerves (Lehman,
1937; Bentley and Schlapp, 1943; Wright, 1947),
while Maruhashi and Wright (1967) have studied
the effects of asphyxia on the isolated single rat
axon. All these studies indicate that the times taken
for impulse transmission to fail, and for restoration
of activity on re-oxygenation are in very close
agreement with the times taken for ischaemic
conduction block and reversal in human limbs,
when a pneumatic cuff is used to produce complete
vascular occlusion (Magladery, McDougal, and
Stoll, 1950; Nathan, 1958). Maruhashi and Wright
(1967) find that the spike height of the action
potential of the individal axon is well maintained
during the first 15-20 min of asphyxia, after which it
declines very rapidly in size, and that rapid restitu-
tion of potential size takes place on re-oxygenation.
The time course of the events is in very close agree-
ment with the results of our experiments. These
findings suggest that, since anoxia in vitro and
occlusion ischaemia in vivo produce the same
effects in the same time, the most important
operative factor in occlusion ischaemia must be
nerve anoxia.
Wright (1947) has shown that the diminution of

the compound nerve potential during asphyxia is
due to the reduction in the spike size of individual
fibres, failure of transmission in some fibres, and
to a disproportionate reduction in conduction
velocity producing a rapid temporal dispersion of
the summated potential. Our experiments and those
of McLeod (1966) confirm the validity of the two
latter factors.

SUMMARY

The digital nerves of the thumb and first three
fingers have been stimulated simultaneously and the
response evoked by an electrical stimulus recorded

from the median nerve at the wrist through surface
electrodes.

Stimuli of supra-maximal and sub-maximal
strength have been used to investigate the changes
in excitability that occur in the nerve during and
after a 30 min period of complete vascular occlusion.
The results show that during ischaemia a group of
low threshold fibres passes through a phase of
hyperexcitability before being depressed by the
asphyxia. This group of fibres is very susceptible
to the effects of asphyxia, their response to this sub -
maximal stimulus being negligibly small at the end of
30 min of ischaemia. The same group of fibres re-
covers its excitability in a characteristic manner very
early in the post-ischaemic period before the onset of
post-ischaemic paraesthesiae. Ischaemic and post-
ischaemic paraesthesiae were experienced by all
who were subject to complete vascular occlusion.
The times of onset and duration of these sensations
related well with observed changes of nerve
excitability.

We are greatly indebted to Dr. D. Taverner, reader in
Medicine at the University of Leeds, for his very helpful
criticism of this paper.

ADDENDUM

Since completing this study, our attention has been
drawn to a paper by Castaigne, P., Cathala, H. P.,
Dry, J. and Mastropaolo, C. (1966) 'Les responses
des nerfs et des muscles 'a des stimulations electriques
au cours d'une epreuve de garrot ischemique chez
l'homme normal et chez le diabetique.'

Rev. neurol., 115, 61-66.
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