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A study of the H-reflex by single fibre EMG
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SUMMARY The latency of consecutive H-reflex responses of single human triceps surae motoneu-
rones varies up to 2,500 ,us. A large part of this variation was shown to occur at the synaptic trans-
mission. A moderate increase in stimulus strength from the threshold value shortened the mean
latency and reduced the latency variation, presumably as a result of spatial summation of excitatory
inputs. Further increase to maximum strength lengthened the mean latency, increased the variation,
and resulted in a dropping out of some responses which was not produced by collision by antidromic
impulses. These effects are believed to be due to an active inhibition. Changes of the latency were
also obtained by Jendrassik's manoeuvre and facilitatory and inhibitory conditioning stimuli.

With a few exceptions, the H-reflex has so far not
been studied in man at the level of single motor
neurones. The obvious advantage of such studies
is that they can reveal information which tends
to be masked by interference of the responses of
different motoneurones, when recording the
reflex from a population of motor units. As
noted by Lloyd (1956),
'questions arise from time to time concerning the
behaviour of motoneurones in some circumstances of
reflex activation that cannot be answered by ob-
servation of a population of motoneurones. It is then
appropriate to resort to the study of individual
members of the population. Even without the
pressure of necessity it sometimes happens that the
observation of individuals increases one's grasp of
the population's workings'.

Indeed, a large part of our present knowledge of
the monosynaptic reflexes has been gathered by
studying single cat motoneurones. The recent
development of single fibre electromyography
(EMG) (Ekstedt, 1964; Stalberg, 1966; Ekstedt
and Stalberg, 1969) has made possible such
studies in intact man (Trontelj, 1968). It has
already been shown that there is a considerable
variation in the latency of successive H-responses
of single motoneurones, a part of which is due to
the variation in the synaptic delay (Trontelj,
1969) and which can be changed by a modification
in the synaptic input (Trontelj, 1970). The present
work extends these findings.
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METHOD

An H-reflex was elicited in the calf muscles by
stimulating the tibial nerve in the popliteal fossa.
The stimuli were rectangular electrical pulses, lasting
10, 25, or 50 ,us, and delivered through a needle
electrode (Disa 13K23), which was introduced close
to the nerve, so that the threshold for the reflex
response was as low as 1-5 V. Surface stimulating
electrodes (Disa 1 3K62) were also used in a few cases.
The rate of stimulation was never higher than 0-3/s
in order to minimize changes of synaptic efficacy
(Curtis and Eccles, 1959). The responses of the
population of motor units were detected by pairs of
silver-silver chloride cup electrodes attached to the
skin over the medial gastrocnemius and the soleus
muscles. The responses of single muscle fibres were
picked up by a specially designed needle electrode
(Ekstedt et al., 1969), amplified, and displayed on a
Tektronix 565 oscilloscope with a 2A61 or 3A9
amplifier. The criterion used to identify the action
potentials as being generated by single muscle fibres
was that, under recording conditions with time
resolution of at least 10 ,us, consecutive potentials
were of identical shape (Ekstedt, 1964; Ekstedt and
St'alberg, 1969). On threshold stimulation, such
responses always followed the all-or-nothing
principle.

It was usually easy to identify individual motor
neurones according to the amplitude, shape, and
duration of muscle fibre action potentials, as well as
according to their latencies and thresholds. This was
particularly so when the recording was made from
two or more muscle fibres pertaining to the same
motor unit, as evidenced by the all-or-none
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FIG. . H-r-espolises of a
single muscle fibre, elicited at
a rate of 0(3/s. Thce tr-aces
were delaved 31 )?is aftetr the
stimlllus.

occurrence of these potentials and by the small
changes in interpotential intervals. However, in
certain circumstances, particularly when stronger
stimuli were used, another criterion had to be applied:
that no potentials of similar amplitude, shape, and
duration, generated by muscle fibres of neighbouring
motor units, were present in the tracing. These
criteria allowed not only reliable identification of the
individual motor neurones but also high accuracy of
latency measurements (better than 10 is).
The latencies were measured to a selected amplitude

point of the steep part of the action potential auto-
matically by a specially constructed hybrid computer
unit and fed into an HP 2114B computer for on-line
statistical analysis. The time unit was 5, 8, or 10 us.
All the experiments were also recorded on a magnetic
tape recorder (PI 6200) and some were analysed off-
line.

Surface-detected reflex responses of the soleus
muscle were rectified and integrated with an originally
designed unit and fed into the computer to be cross-
correlated with the latencies.
The experiments were performed in 30 healthy

volunteers, 20 to 25 years old, and in a 20 year old
patient with a clinically complete transverse division
of the spinal cord at C5 segment of 16 months'
duration.

RESULTS

A spontanieous latency variation of more than
400 us was obtained for all motoneurones from
which at least 100 responses were recorded. The
largest variation exceeded 2,000 us, but in over

90" O of the motor neuronies it was between 500
and 2,000 Us (Fig. I).
The distribution of the latencies was more or

less Gaussian in most cases, except that it was
sometimes slightly skewed toward the longer
latencies. In four cases, however, a clear-cut
bimodal distribution was found, with a free
interval of 1,500 to 3,000 is between the two
peaks (Fig. 2). Changes in stimulus strengthl anid
frequency and the performance of Jendrassik's
manoeuvre had no visible effect oni the occurrence
of the early or late responses.

Except for these particular cases. changes in
stimulus strength strongly influeniced the
latencies; in general, weak stimuli produced
responses with longer latencies and a larger
latency dispersion thani did strong stillmuli.

In a series of experiments, H-reflexes of
individual motoneurones were elicited with
stimuli of three different strengths: threshold
strength, at which about half of the stimuli
produced a reflex response; maximum strength,
at which about half of the reflex responses were
replaced by direct responses of the same m11o-
toneurone; and intermediate strength. whichi was
the mean of the former two values. Attempts
were also made to measure the latency variation
of direct responses of the same motoneurones at
two stimulus strengths, threshold and well above
threshold. This was sometimes not possible
because of the interference of other motor unlits.
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FIG. 2. H-responses of a motoneurone represented in
the recording by two muscle fibres. The latencies show
bimodal distribution. The traces were delayed 28 9 ms
after the stimulus in B and C.

Series of 100 responses were assessed at each
stimulus strength at a repetition rate of 1 per
3 s. The results are summarized in Fig. 3.
When increasing the strength of the stimulus

from threshold to the intermediate value, there
was always a shortening of the mean latency
(significant at a level of P < 0-001 in 23 out of 25
motoneurones), while the jitter (standard devia-
tion) always decreased (by an average of 700 0).
Further increasing the stimulus strength to the
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FIG. 3. Dependence of latency of the M and H-
responses and of latency dispersion on stimulus
strength. The data are means of values from 25 (H)
and 15 (M) motoneurones, each obtained from 100
consecutive responsesfor each stimulus strength. Mean
latencies are expressed as increase in reference to the
mean latency obtained at intermediate (H) and
suprathreshold (M) stimulus strength, respectively.

maximum for reflex response, however, resulted
in a lengthening of the mean latency (significant
in 12 out of 25 motoneurones) and in an increase
in the jitter (by an average of 66%). Only
eight out of 25 motoneurones showed further
significant shortening of the latencies, and only
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four (three of which belonged to the former
eight) exhibited a decrease of the jitter. The
increase in stimulus strength from intermediate
to maximum was followed by an increase in the
surface-detected responses in eight out of these
nine cases, whereas it produced a decrease in 14
of the remaining 16 cases.
At maximum stimulus strength, there was an

irregular alternation of reflex and direct re-
sponses of individual motoneurones. But in 16
out of the 25 motoneuronies some stimuli failed
to elicit any response, although at the inter-
mediate that is, lower stimulus strength-
there was no failing of the responses. The
remaininlg nine motoneuronies were those which
exhibited shorteninig of the latencies and/or
decrease of the jitter when the stimulus strength
was increased from intermediate to maximum.
The intermittent failure of the responses,

larger latency dispersion, and the lengthening of
the mean latency at maximum stimulus strength
persisted when the interval between the stimuli
was increased from 3 to 10 s. I ncreases of
stimulus strength had the same effects in three
motoneurones of a paraplegic patient with a
complete division of the spinal cord.
At all stimulus strengths there was some degree

of variation in the size of surface-detected
responses that is, of the size of the participating
population of motoneurones. There was a
significant negative cross-correlation between the
size of the responding populationi and the
latencies of the individual motonieuronies (r=
-044, P<000l).
The direct responses had a considerably

smaller jitter than the reflex responses of the
same motoneurones. The increase in stimulus
strength from threshold to suprathreshold

D1 recovery of response

shortening of latency

increase in surface EMG

50 100 250 500 750 1000 (m sec.)

FIG. 4. Eftects of Je,ildra.ssik's mtialnoeuvr1 e at diffierent iitervals between comimnanid and stinulu.s. Reslilts are
shown a.s ratios of the expected effects that is, recovery ofpreviouslyv absent r-esponise (white coliumnis), sholrtenl-
itig of the latenicy (dotted columns), anid increase in sur-face-detected EMG (black collmitiis) versu.s conitrarY, or
paradoxical effects. The data represent averages of four dif/ere1it notoneuronies, with 200-400 responses bein1g
comiplutedi foir each interval. Notice logarithmnic scale.
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FIG. 5. Shortening of the latency of H-responses of a motoneurone (two muscle
fibres) obtained by applying a conditioning pulse to the peroneal nerve at a 50 ms
testing interval (upper four traces). The traces were delayed 37 5 ms after the stimulus.

resulted in a decrease of the jitter by an average
of 56%.

In general, there was no significant cross-
correlation between the latencies of the direct
responses and the size of the population activated
in the reflex responses. In a few cases, however,
the latencies of the direct responses obtained
with threshold stimulation were positively
correlated with the size of the reflexly activated
population.

Latency of the H-reflex of individual mo-
toneurones was influenced by a variety of
conditioning stimuli and manoeuvres. It could
be shortened by slight voluntary activation of the
triceps surae that was subthreshold for the
tested motoneurone, by Jendrassik's manoeuvre,
by a subthreshold conditioning stimulus to the
tibial nerve preceding the testing stimulus by 05-
1 ms, and particularly by a conditioning stimulus
to the peroneal nerve at a testing interval of
40-60 ms. On the other hand, it could be

lengthened by passive stretch of the triceps surae,
by voluntary activation of the anterior tibial
muscle, by a subthreshold conditioning stimulus
to the tibial nerve at intervals between 1 ms and
1 s, and by a conditioning stimulus to the
peroneal nerve at intervals of 20-40 ms. The
latter methods resulted in an increase in the all-
or-none threshold for the reflex responses,
while those which shortened the latency also
decreased the threshold.
The effects of Jendrassik's manoeuvre and of

stimulating the peroneal nerve were studied in
somewhat more detail. It was observed that the
effect of Jendrassik's manoeuvre depended on
the interval between the visual or auditory signal
informing the subject to start the manoeuvre
(clench the contralateral fist for 1 s) and the
testing stimulus. Six intervals (50, 100, 250, 500,
750, and 1,000 ms) were tested in each of four
motoneurones of different subjects. Incomplete
experiments with less than six testing intervals
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FIG. 6. Lengthleninig of the latency of H-r-esponises of a Iinotoilwievolie (pair of muscle
fibres) obtainied by applying a conditioning stidililus to the pe-roiieal nerve at a 30 ins
testinlg inltervtal (lowver four tr-aces). The traces were (e/ea ved 30 5 Iiis afictr the stimnidus.

were performed in an additional six mo-
toneurones. The stimuli preceded by Jendrassik's
manoeuvre and the control stimuli were presented
in a random sequence to avoid the subject's
anticipationi of the manoeuvre. The EMG of
finger flexors was monitored and, whenever the
delay after the commanding signal exceeded
250 ms, a slightly painful warning electrical
stimulus was applied with a view to achieving the
fastest possible reactions. Every interval was
tested with 200-400 stimuli at a rate of one per
3 s.
The results in four motoneurones are shown

in Fig. 4. Even at the most effective interval
tested, 500 ms, Jendrassik's manoeuvre did not
consistenitly shorten the latency of the response.
The superimposed spontaneous depression,
which frequently lasted about 10 s, was occasion-
ally stronger and resulted in prolongation of the
latency or even a failure to respond in spite of the
facilitation produced by the manoeuvre. In a

single series of 2C0 responses, the maximum
average shortening of latencies was 239 us. The
effects were most pronouniced when stimulus
strength was slightly above the threshold for the
reflex response of the observed motonieuronie
and were nearly absent at very strong stimuli.
Similar results were obtained in the remaining
six motoneurones not included in Fig. 4. In all
motoneurones, Jendrassik's manioeuvre w:as
clearly effective at testing intervals of 250 and
100 ms, in most even at 50 ins.
Considerably stronger effects were obtainied by

stimulatinig the peroneal nerve \with a single
pulse. 50 is in duration, 40 to 60 ms before the
test stimulus. The conditioniing stimulus had to
be above the motor threshold. The shorteniing of
latencies was of the order of 200-500 is. but the
extreme values for some series were as high as
1,000-1,500 us (Fig. 5). Comparable lengtlheninlg
could be produced at testing intervals between
20 anid 30 ms (Fig. 6).
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DISCUSSION

It is possible to distinguish between three types
of latency changes of the H-reflex of individual
motoneurones as observed in this study: first,
the 'spontaneous', more or less random variation
from response to response, which is referred to
as the 'jitter' of the reflex; second, the systematic
shortening or lengthening produced by a change
in the experimental conditions; and third, the
slow, 'spontaneous' shifts randomly super-

imposed upon the former two and accompanied
by a change in the all-or-none threshold.
As has been suggested (Trontelj, 1968; 1969;

1970), a considerable part of the reflex jitter must
be due to variation in the synaptic delay that
results from changes in experimentally un-

controlled synaptic inputs to the motoneurone
under study and, perhaps, from some other
changes in its firing threshold. When controllable
experimental conditions were kept as constant as

possible, the jitter of reflex responses was found
to depend on stimulus strength, being largest at
threshold strength and smallest at intermediate
strength.
That jitter is related to variation in the

synaptic input is also suggested by the finding
that there was a significant negative correlation
between the latency of individual motoneurones
and the size of the responding population. The
coefficient of correlation was even higher when
the synaptic input was varied by changing
stimulus strength or introducing conditioning
inputs from the periphery and supraspinal
levels.

In addition to synapses, other segments of the
reflex arc may contribute to the jitter of the H-
reflex. In our experimental conditions, the motor
end plate and the stimulated point of the afferent
nerve fibres are likely to be sources of variation.
The jitter of neuromuscular transmission is
normally less than 30-40 ,s (Stalberg et al.,
1971), but it is not known how much of the total
jitter is due to variations in the Ranvier nodes
along the length of the afferent nerve fibres at
which the propagated action potentials start.
The total contribution of both factors can be
estimated roughly from the latency variation of
direct responses of the studied single mo-

toneurones, if it is assumed that afferent and
motor nerve fibres do not differ in regard to the

initiation of the propagated action potentials at
the site of stimulation.

It is not likely that other sections of the reflex
arc contribute significantly to the jitter. As has
already been reported (Stalberg and Trontelj,
1970), when stimulus strength is increased from
threshold values to well above threshold, the
latency of direct responses shortens and the
jitter is reduced. Presumably the shortening of
the latency is due to a shift in the starting point
of the propagated action potentials away from
the stimulating electrode (cf. Wiederholt, 1969)
to a more distal node ofRanvier, and the decrease
of the jitter is thought to result from a steeper
time course of the local response of the node
(cf. Del Castillo and Stark, 1952).
The reflex responses changed in a similar

manner when the stimulus strength was in-
creased from threshold to the intermediate value.
However, the diminution of the jitter was about
twice as large and the shortening of the mean
latency four times as large as that of the direct
responses. This difference can probably be
attributed to synaptic events: an increased slope
of motoneuronal excitatory post-synaptic
potential (EPSP) due to the activation of
additional afferent terminals, resulting in earlier
and more stable triggering of the propagated
spike potential.

It might be argued that the amount of latency
changes attributed to variation in the synaptic
delay exceeds the synaptic delay itself and even
the total intraspinal delay reported for the
monosynaptic reflexes both in the cat and in
man (Lloyd, 1943; Magladery et al., 1951). How-
ever, monosynaptic reflexes recorded intra-
cellularly from cat motoneurones do show
appreciable jitter, which may, in some circum-
stances, substantially exceed 500 ,us, particularly
when threshold stimulation is used (cf. Coombs
et al., 1955, Fig. 4D). The jitter is due to un-
certainty in the triggering of the propagated
spike potential from the EPSP, while the EPSP
itself exhibits only a negligible jitter in these
recordings. In other words, the firing threshold
of the motoneurone seems to fluctuate randomly
within a certain range of membrane potential
values. The jitter of the reflex depends on the
length of the EPSP's course through the range of
threshold, hence on the steepness of the EPSP's
rising slope in that range. With spatial summation
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of the afferent inflow, the EPSP becomes steeper,
the jitter is reduced, and the latency is shortened.
The shortening may exceed 1,000 ,ts (cf. Eccles,
1957, Fig. 14). The maximum shortening of the
mean latency obtained in this study by increasing
stimulus strength exceeded 1,500 [Ls. However,
the shortest and longest latencies of single
responses differed by more than 3,000 ,us.

Using various methods to facilitate and inhibit
the H-reflex, it has been confirmed that the
main part of the observed latency changes,
perhaps as much as 80 to 9000, is due to synaptic
mechanisms. Shortening quite comparable with
that obtained by increasing stimulus strength was
achieved by applying a conditioning stimulus to
the peroneal nerve 40 to 60 ms before the test
stimulus, a method which is known to facilitate
the H-reflex strongly (Park et al., 1951)
Jendrassik's manoeuvre was a little less effective,
but it still could shorten the mean latency by
more than 300 ,us. The interval between the
command and the test stimulus was found to be
more important than the muscular force
developed in the manoeuvre. The most effective
intervals were 500 and 750 ms, but some effects
were seen at 100 and even 50 ms-that is, even
more than 100 ms before EMG activity
appeared in the finger flexors. This indicates that
rather fast descending pathways must have been
involved. The very small effects of Jendrassik's
manoeuvre seen at strong stimuli suggest that
any of the observed motoneurones could be
nearly maximally excited by the H-reflex stimulus.
The amount of latency changes observed in

this study suggests that the EPSP of the H-reflex,
or at least its course through the region of the
triggering threshold, must be less steep and
considerably longer than in the cat.

Surprisingly, when stimulus strength was
further increased from the intermediate value to
the maximum strength for the reflex response, a
reverse change occurred in most motoneurones:
the jitter again increased and the mean latency
lengthened. It is difficult to explain these results
except as reflecting the effect of activating
inhibitory synapses. An additional evidence for
the role of inhibition is provided by the finding
that, at maximum stimulus strength, some stimuli
were followed by neither reflex nor direct
responses; failing of reflex responses was thus
not due to collision with antidromic impulses

but could be due only to active inhibition. The
threshold for this inhibition seems to be com-
paratively high, as it was manifested only at
higher stimulus strength, and was not manifested
at all in motoneurones with a low maximum
stimulus strength for reflex responses. At this
stimulus strength, the maximum population
response was not yet reached.
An interesting feature of this inhibition is its

early appearance: at least certain motoneurones
must have been reached by excitatory and
inhibitory volleys practically simultaneously.
This raises the following problem: if the electrical
threshold of the inhibitory fibres is higher than
that of the excitatory ones, then their conduction
velocity should be lower. This is indeed the case
for lb fibres in the cat (Eccles et al., 1957a).
Besides, the inhibitory pathways should contain
at least one interneurone that would introduce
an additional delay. Both of these considerations
also speak against heteronymous recurrent
inhibition as a possible explanation for the
observed depression of the reflex at the maxi-
mum stimulus strength.
Even in the cat, however, both lb and re-

current inhibition can occur rather early (Eccles,
1967). lb fibres activated by stronger stimuli give
rise to an inhibitory post synaptic potential
(IPSP) superimposed on the EPSP with a small
delay of 1 ms or less (cf. Eccles et al., 1957b,
Figs 1 and 2) and may depress the EPSP even
before it reaches its peak. Recurrent inhibition,
too, can occur rather early in the cat, and its
latency of 1 2 ms does not essentially exceed that
of the EPSP (Eccles, 1955). The a-motoneurones
in the human tibial nerve are believed to con-
duct considerably more slowly than Ia fibres
(Magladery et al., 1951; Diamantopoulos and
Gassel, 1965); however, there is certain evidence
that at least some motoneurones conduct as fast
as Ia fibres converging upon them, as it is
possible to obtain both direct and reflex re-
sponses of the same motoneurone to one stimulus
(Trontelj, 1973).

It could also be argued that the inhibitory
effect is not produced by the same stimulus but
by the preceding one. The interval of 3 s may be
too long for an inhibition of segmental origin but
might be appropriate for a long-loop inhibitory
reflex involving supraspinal structures. This
possibility could not be ruled out completely;
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however, persistence of inhibition when the
interval was increased to 10 s and the results
obtained from the patient with a complete
transverse spinal lesion indicate that it cannot be
the only explanation.

If the observed effects are to be attributed to
lb fibres or to recurrent inhibition, the relatively
high threshold of these effects need not be due to
the higher threshold and lower conduction
velocity of lb fibres and motor axons, but might
as well be explained as a result of their smaller
number or weaker synaptic efficacy. Con-
sequently, a stronger stimulus would be needed
to activate'a sufficient number.
On the other hand, the excitatory impulses too

may be mediated through an interneurone. The
two-peak latency distribution observed in some
motoneurones can bestbe explained by alternative
monosynaptic and disynaptic activation.

Finally, the duration of the H-reflex EPSP in
man seems to be considerably longer than in the
cat. Its course through the range of firing
threshold can be longer than 2,000 ,us. So, even
an inhibitory volley delayed 2 ms after the
excitatory volley could effectively suppress the
response.
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