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Studies in man and cat of the significance
of the H wave'
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Harvard Medical School

Since the original description of the H wave by
Hoffmann in 1918, numerous reports have appeared
in the literature concerning its origin and significance
(Magladery and McDougal, 1950; Magladery, Park,
Porter, and Teasdall, 1952). This potential, which is
recorded from muscle, has been reported to have the
following characteristics in normal man. 1 It can be
evoked by submaximal electric stimulation of the
nerve supplying the muscle, for the afferent nerve
fibres have a lower threshold than motor fibres
(Hoffmann, 1918; Magladery and McDougal, 1950).
2 With stronger stimulation, motor fibres are acti-
vated and the response is obliterated (Hoffmann,
1918; Magladery and McDougal, 1950). 3 Its latency
decreases as the site of stimulation is moved proxim-
ally (Hoffmann, 1918; Magladery and McDougal,
1950). 4 The potential can be facilitated by mild
active contraction of the muscle (Magladery, Porter,
Park, and Teasdall, 1951), passive stretching of the
muscle (Angel and Hoffmann, 1963), and following
tetanic stimulation (Hagbarth, 1962). 5 It can be
inhibited by active contraction of the antagonists
(Magladery et a!., 1951), and passive shortening of
the muscle (Angel and Hoffmann, 1963). From these
characteristics it has been concluded that the H wave
is the response of a monosynaptic reflex which is
activated by stimulation of group I afferent fibres
proximal to the muscle spindle. This reflex has been
considered analogous to the muscle stretch reflex
(tendon jerk).
However, some features of the response, such as

the effect of the Jendrassik manoeuvre, are still
disputed (Sommer, 1940; Buller and Dornhorst,
1957; Buller, 1957; Clare and Landau, 1964; Landau
and Clare, 1964a; Gassel and Diamantopoulos,
1964b). Several other features of this potential are
unusual for a monosynaptic response and have not
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been adequately explained in the past. These are the
following. The potential is most readily recorded
from the surface of the calf muscles yet a potential
with the above characteristics is not normally
recorded from other muscles such as the small hand
and foot muscles (Magladery and McDougal, 1950).
Following electric stimulation with single shocks
there is a prolonged period of depression of the
response which persists over 20 seconds (Paillard,
1959; Mayer and Mawdsley, 1964), and the conduc-
tion velocity in the fastest afferent fibres which trans-
mit the response is lower in patients with peripheral
neuropathies than in normals (Mayer, 1963; Mawd-
sley and Mayer, 1964).

In recent studies the H wave has been used as a
measure of monosynaptic reflex activity and hence
motor neurone excitability (Magladery, Teasdall,
Park, and Languth, 1952; Angel and Hoffmann,
1963; Landau and Clare, 1964b; Gassel and Dia-
mantopoulos, 1964a). With this technique patients
with spasticity and rigidity have been studied and
compared with normals in an attempt to under-
stand the mechanisms of altered motor function.
However, in most of these studies, little attention has
been paid to the great variability of the normal H
wave and its specific characteristics.

Because of the unexplained features, the variability
of the response and the continued use of the H wave
in the investigation of abnormal motor function, the
parameters of the H wave should be clearly estab-
lished. The present report describes a study of the
H wave in man to define more completely its origin
and significance. Because of the limitations of
experimental studies in man, similar ones were per-
formed in cats for comparison and possible physio-
logical interpretation.

MATERIALS AND METHODS

HUMAN Twenty adult subjects without spinal cord or
peripheral nerve dysfunction were studied as well as many
patients with peripheral nerve abnormality (64 patients
with diabetic neuropathy, 56 cases of alcoholic-nutri-
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tional neuropathy, 20 cases with focal neuropathies, and
20 patients with neuropathies from other causes).
Patients with hemiplegia and paraplegia of varying causes
were also studied.
The H wave was recorded using the surface technique

described by Magladery and McDougal (1950). The
sciatic nerve was stimulated in the popliteal fossa and
20 cm. proximally in the posterior thigh (Fig. 1). A Grass
S4) electric stimulator was used with bipolar and con-
centric needles as well as surface electrodes. The fre-
quency of stimulation varied from 1 per 60 seconds to
450 per second. Intensity (0 5 to 150 volts) and duration
(0 05 to 1 msec.) of stimulus were varied to study the
minimal and maximal responses. Stimulating with a
needle electrode was necessary to obtain maximal motor
responses.
The H waves were recorded from the calf using surface

electrodes. (In this report the H wave refers to the
response recorded only in the calf muscles unless stated
otherwise.) The usual point of recording was at the lower
end of the gastrocnemius muscles in mid line, point B
(Fig. 1) but recordings were obtained at many sites on the
calf to determine the points of maximal amplitude.
Potentials were also recorded from other muscles includ-
ing the small foot and hand muscles following stimulation
of their nerves. Concentric needles, bipolar concentric
needles (inter-electrode distance of 1 mm.), and multi-
lead electrodes (Disa) have been used to record from in-
dividual muscles. The potentials were displayed on a
cathode ray oscilloscope and photographed with the signal
from a time mark generator.
The conduction velocity was determined in the fastest

motor fibres to the triceps surae (medial and lateral
gastrocnemius and soleus muscles). The tibial nerve was
stimulated with supramaximal electric shocks in the
popliteal fossa and 20 cm. proximally using a needle
electrode. The potentials were recorded with surface
electrodes at point B. The velocity was determined be-
tween the two points of stimulation (velocity = distance/
time). The speed of conduction was also determined in
the fastest afferent fibres subserving the H wave between
these same points. The latency of the response from proxi-
mal stimulation was subtracted from the latency from
distal stimulation and the velocity calculated using the
above formula.

In two experiments the H wave was observed during
ischaemia, which was produced by a cuff around the
thigh inflated to a pressure of 250 to 300 mm. Hg, as
described by Magladery, McDougal, and Stoll (1950).
The amplitude and latency of the H wave were recorded
at intervals during the period of ischaemia until the
response disappeared. The evoked nerve and muscle
action potentials distal to the cuff were also recorded.
The intramuscular temperature of the calf was measured
with a needle thermister throughout the period of
ischaemia and it remained normal (34 to 36°C.).

In eight cases, the H wave was studied in patients
during spinal anaesthesia for local surgery. Anaesthesia
was produced by injecting a hyperbaric solution of
tetracaine (varying from 6 to 14 mg. with neosynephrine
in different cases) intrathecally. The potentials were
recorded from calf muscles and small plantar and dorsal

foot muscles during injection of the anaesthestic and at
varying intervals thereafter until complete clinical re-
covery. Sensory, motor, and reflex functions were tested
during this period. In one case the H wave was recorded
during general anaesthesia (Fluothane).

CATS Twenty experiments were performed in adult cats.
The animals were anaesthetized with pentobarbital
sodium (30 to 40 mg./kg.) in order to prepare the extremi-
ties. At the time of recording, the animals had active
corneal and pinna reflexes and in most experiments could
be aroused. Surface and direct stimulation of the sciatic
nerve in the popliteal fossa and thigh was performed
with electric shocks of varying strengths (0OlV to 150V)
and rates (1 per minute to 450 per second). Recordings of
the potentials were made with surface electrodes which
consisted of E.E.G. pin electrodes. The active lead was
placed in the subcutaneous tissue over the calf muscles
and the inactive lead over the Achilles tendon. Surface
recordings from plantar foot muscles were also made.
Bipolar needles (insulated to the tip), multilead electrodes
(Disa), and concentric needles were used for recording
in many leg muscles. Potentials were observed with refer-
ence to threshold, latency, amplitude, and site of origin.
The amplitude of the potentials was recorded following
tetanic electric stimulation, 450 per second for 10 to 20
seconds.

In 10 experiments, the potentials were studied follow-
ing acute (two to six hours) or chronic (four to six days)
spinalization (the spinal cord was transected in the mid-
thoracic region). The sciatic nerve or dorsal roots (S1
and L7) were sectioned proximal to the site of stimula-
tion at the end of the experiments. This was done in
order to establish the relationship of the potential to
proximal conduction.

RESULTS IN MAN

THRESHOLD In all normal cases the H wave was
recorded from the surface of the calf muscles follow-
ing submaximal stimulation of the tibial nerve in the
popliteal fossa. With surface stimulation of the tibial
nerve at the above site, the H wave was usually
evoked with a smaller stimulus than required for
motor fibres although a few motor fibres were usually
stimulated as well. With needle stimulation of the
tibial nerve in the popliteal fossa, the H wave had the
lowest threshold with the needle posterior to the
nerve while the M wave (direct motor response) had
the lowest threshold with the stimulus lateral and
anterior to the nerve. Therefore the relative thres-
holds of the H and M waves varied with the positions
of the stimulating electrode and the nerve. This
suggests that in the tibial nerve in the popliteal fossa
the large afferent fibres from the calf muscles lie more
superficially than the large efferents.

CONDUCTION VELOCITY It is well known that the
lowest threshold fibres are usually the largest

202

P
rotected by copyright.

 on M
ay 22, 2023 by guest.

http://jnnp.bm
j.com

/
J N

eurol N
eurosurg P

sychiatry: first published as 10.1136/jnnp.28.3.201 on 1 June 1965. D
ow

nloaded from
 

http://jnnp.bmj.com/


Studies in man and cat of the significanice of the H wave

fibres and these fibres should have rapid conduction
velocities. The mean velocity of the fastest motor
fibres in the tibial nerve to the triceps surae was
81 5 metres per second (80 to 86). In the same
segment of tibial nerve in the thigh, the mean rate of
the fastest afferent fibres of the H reflex, measured as
described under methods, was 82-6 metres per second
(80 to 84).
Although these values differ from those reported in

a recent study (Gassel and Trojaborg, 1964), they
agree with the results of histological studies of nerve
fibre size in man (Rexed, 1944) and cat (Eccles and
Sherrington, 1930; Rexed and Therman, 1948;
Lloyd and Chang, 1948). The diameters of the largest
motor and sensory fibres in the tibial nerves are
approximately the same and the maximum peaks of
these large fibres are 13-15p. (osmic acid stain).
Using the conversion factor of Hursh (1939) (K - 6),
fibres this size would have conduction velocities
(78 to 90 metres per second) in the range we deter-
mined. Although this factor (K = 6) has been de-
termined for cat peripheral nerve, it probably is
applicable to human peripheral nerve since the con-
duction velocity in the fastest sensory fibres in the
human median nerve at the wrist, 70 to 70 metres
per second (Mayer, 1963), is approximately six
times the diameter (10-1 ljt) of the largest myelinated
fibres in this nerve (Ranson, Droegemueller,
Davenport and Fisher, 1934).

In normal young adults the mean latency of the
H wave recorded at point B (Fig. 1) was 29 msec.
(26 to 32 msec.). It was prolonged over the age of 50
and the mean latency was 32 msec. (30 to 34 msec.).
In peripheral neuropathies the conduction time was
prolonged and it varied from 34 to 41 metres per
second. In these cases, the velocity of the afferent
fibres in the tibial nerve in the thigh was 50 to 60
metres per second. When the latency was increased
(36 to 40 msec.), the threshold of the H wave was
raised and the amplitude decreased. In patients who
did not have ankle jerks, secondary to a peripheral
neuropathy, no H waves could be recorded.

AMPLITUDE The amplitude of the H wave was
usually the greatest (peak to peak measurement,
3 to 7 mv.) when recorded at the distal edge of the
gastrocnemius muscles using surface electrodes.
At this point (B, see Fig. 1), approximately 15 to
20 cm. distal to the mid-popliteal point, the H wave
appeared at a lower threshold than the M wave and
was usually larger in proportion to the M wave than
if recorded from over the bellies of the gastrocne-
mius muscles. The H wave was usually triphasic in
shape and had a large negative (upward) component.
The potential, which was recorded closer to the
Achilles tendon (point A, Fig. 1), had a large initial

FlI. 1. Poinits of stimnulation (S) of the tibial nierve and
sites of recording (A, soleus, B, junoctioni gastrocnemius aind
soleus, C, medial gastrocntemius, alnd D, lateral gastro-
cnemiuis) are shown. Surface recordings of' maximiial H
waves appear adjacent to the site of recorclinig. The stimulus
artifact appears at left of tracings. The iniitial smnall deflec-
tion represents the direct motor responise (M wave) anid the
later large deflection is the H wave. Note that the H wave
at A occurs later than at B-D. Negative polaritY is upward.

positive phase and its negative component was
usually smaller than that recorded at other points
over the calf. The latency of the reflex recorded at
this point was 1 5 to 2 msec. greater than that
recorded in the mid calf. The maximal H wave in all
experiments required a stimulus that evoked motor
fibres as well but was never maximum for motor
fibres. The intensity of this stimulus varied depending
on the type and position of the stimulating electrode.
A greater intensity was needed with surface than with
needle electrodes. A smaller stimulus was required
when the duration of the shock was long (1 msec.).
Increasing this stimulus produced a larger motor
response while the H wave decreased in amplitude
until it disappeared.
The amplitude of the H wave recorded with

surface electrodes was extremely variable. Not only
did the amplitude depend on the position of recording
and strength of the stimulus but also on the fre-
quency of the stimulus. Stimuli at intervals of 1, 10,
or even 20 seconds produced H waves which varied
in amplitude (Fig. 2). Stimuli at frequencies of 5 to
6 per second could obliterate the H wave without
alteration of the M response. There was little altera-
tion in the amplitude of the response evoked at
30-second intervals. Therefore, this rate of stimula-
tion was used throughout the study.
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FIG. 3. Recordings of maximal H waves in the medial
gastrocnemius muscle with a concentric needle electrode
(upper) and from the surface (lower). Amplitude marker
equals 1 mv. and large time intervals are 5 msec.

FIG. 2. Surface recordings ofH waves following stimula-
tion, one per second. In the upper tracing the potentials are
superimposed; the largest response represents the initial
one. In the lower tracing the potentials are recorded serially
several seconds after the initial response. Amplitude
marker equals I mv.

SITE OF ORIGIN An H wave was recorded with
surface electrodes from any point on the calf. This
surface response represents a compound potential
which could originate at some distance from the
recording site. Therefore, concentric needle elec-
trodes were used to analyse theH waves in the lateral
and medial gastrocnemius and soleus muscles. An
attempt was made to stimulate the nerve to the
individual muscles using a small bipolar stimulating
needle. In 10 experiments the nerve to the medial
gastrocnemius was stimulated alone. In four of these
cases an H wave was recorded in the medial gastro-
cnemius muscle at complete rest; facilitation pro-
duced by active contraction of the muscle was

necessary to record it in an additional two cases. In
four other experiments an H wave was not observed
even with facilitation. During these experiments a

large H wave was recorded with surface electrodes
over the muscle and no activity was recorded in the
lateral gastrocnemius or soleus. Thus an H wave

could be recorded in the medial gastrocnemius
muscle alone but it was small in amplitude and
difficult to locate (Fig. 3).

The nerves to the lateral gastrocnemius and soleus
muscles could not be stimulated individually but
only together. An H wave could be recorded in the
lateral gastrocnemius. It was usually small in ampli-
tude but this was increased by mild active contrac-
tion of the muscle. At the same time an H wave was
also recorded in the soleus muscle but not in the
medial gastrocnemius muscle. The potential in the
soleus was small and the latency of the response
recorded at this point was 1-5 to 2 msec. greater than
that recorded in the gastrocnemius muscles.
The H wave was more easily recorded in muscles

with concentric needles during surface stimulation
of the tibial nerve (Fig. 4). It was possible to obtain
a large H wave in the medial gastrocnemius muscle
with only a minimal response in the soleus when the
tibial nerve was stimulated medially. A large po-
tential could also be recorded in the soleus with a
minimal response in the medial gastrocnemius when
the nerve was stimulated laterally. These potentials
which had different latencies also had different
shapes; the wave in the medial gastrocnemius was
triphasic while the potential in the soleus had a larger
initial positive deflection. This is probably due to the
fact that the recordings were made in a volume con-
ductor and the recording electrodes distally over the
soleus were farther from the source of current than
those over the gastrocnemius. These potentials were
similar to but smaller than those recorded on the
surface of the calf. The potentials were facilitated
and inhibited in the same way as those recorded
with surface electrodes but were more difficult to
locate and study. Although similar potentials were
not observed in other muscles, in one case a small
late potential which appeared like an H wave was
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FIG. 4. Concentric needle recordings of H waves in
soleus (a) and medial gastrocnemius (b) following surface
stimulation ofthe tibial nerve at 1, medial 2, lateral, and 3,
mid portion of popliteal fossa; 4, surface recording from
calf. Amplitude marker equals I mv. and time intervals are
S msec.

recorded in the peroneus longus muscle following
stimulation of the common peroneal nerve.
A late wave was recorded from the plantar foot

muscles following stimulation of the tibial nerve in
the popliteal fossa. This response has been called the
F wave by Magladery and McDougal (1950). This
potential was small (50 to 200 ,tV) and extremely
variable. It required a stimulus which was maximum
for motor fibres, was not obliterated by a supra-
maximal stimulus and was not evoked by every
stimulus, even at one-minute intervals. The latency
of the response decreased as the stimulus was moved
proximally and varied with changes in the shape of
the potential.
The conduction velocity in the fastest afferent

fibres of this response varied over a wide range and
was not consistent in the same individual. The rate in
the segment of tibial nerve between ankle and popli-
teal fossa was approximately 40 to 50 metres per
second. A similar response was recorded in the hand
muscles. The velocity was 40 to 60 metres per second
in the ulnar and median nerves between wrist and
elbow. Because of the variability of the amplitude
and latency of these potentials, more complete study
was not possible.

In patients with hemiplegia a response, which had
characteristics similar to H waves, could be re-
corded from small hand muscles on the affected
side. This potential was evoked by submaximal
stimulation and inhibited by a maximal stimulus
for motor fibres.

FACILITATION AND INHiBITION The amplitude of the
H wave could also be altered without any change in
the intensity, duration, frequency, and site of
stimulus or position of recording. An increase in
the amplitude of a maximal response was most
easily produced by mild active contraction of the
muscle. Facilitation of the H wave was also observed
with passive stretching of the muscle but this was
not consistent since the same manoeuvre could pro-
duce inhibition, which was related to a greater force
of stretching (Granit, 1955). The Jendrassik man-
oeuvre did not facilitate the maximal H response
and the effect on submaximal H waves was variable;
this appeared to be related to minimal active contrac-
tion of either the muscle or its antagonist. In our
experiments, the Jendrassik manoeuvre was not an
effective method of facilitating the H wave. Mark
(1963) has shown that during the Jendrassik
manoeuvre, muscle activity, recorded by electro-
myography, does occur in the calfmuscles. Therefore,
an increase in the amplitude oftheH wave during this
manoeuvre may be related to the active contraction
of the muscles.

In several experiments, the amplitude of the H
wave was observed following tetanic stimulation
(450 per second for 10 to 20 seconds) preceding the
single test shocks. Mild facilitation could be pro-
duced although there usually was an increase in the
direct motor response. This probably resulted from
movement of either stimulating or recording elec-
trodes during tetanic stimulation and thus the results
were difficult to interpret.
A decrease in the potential was consistently pro-

duced by active contraction ofthe antagonist muscles.
The amplitude could be reduced by passive relaxa-
tion of the muscle although this manoeuvre usually
produced no change in the response. Reduction in
amplitude of the H wave could be produced by
strong active or passive movement of the ankle
(flexion or extension). It appeared that the potential
was more easily inhibited than facilitated.

Since the amplitude of the H wave is so readily
altered by contraction of either the specific muscles
from which the response is recorded, the synergists
or antagonists, great care must be taken in monitor-
ing muscle activity. This is particularly necessary if
the amplitude of the response is to be evaluated
during a variety of tests.
The facilitation of the H wave by passive stretch-

ing of the muscle or active contraction of the muscle
is consistent with a monosynaptic reflex. The in-
hibition during passive relaxation of the muscle or
active contraction of the antagonists is also observed
in monosynaptic reflexes (Denny-Brown, 1928;
Creed, Denny-Brown, Eccles, Liddell, and Sherring-
ton, 1932; Lloyd, 1943c; Lloyd, 1946). However, the
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prominent inhibition during stronger flexion or
extension is suggestive of polysynaptic connexions
as well (Magladery et al., 1951).

EFFECT OF ISCHAEMIA During localized ischaemia
of the sciatic nerve in the thigh produced by a cuff,
the latency of the H wave increased 1 5 to 3 msec.
without alteration of its amplitude or change in
distal sensory or motor conduction. With prolonged
ischaemia (20 to 30 minutes) the amplitude of the
H wave decreased and the latency increased by a
total of 5 to 6 msec. until the response disappeared.
At this time distal motor conduction was normal,
the evoked nerve potential diminished and the ankle
jerk absent. The H wave returned rapidly after
restoration of the blood supply but remained re-
duced in amplitude for 20 to 30 minutes. Paraes-
thesias in the foot persisted during this time.

EFFECT OF SPINAL ANAESTHESIA During spinal
anaesthesia, the large H wave disappeared within
one minute after injection. Within this short period
there was a rapid fall in amplitude and a slight in-
crease in latency. A small H wave, which was evoked
by maximal stimuli for motor fibres, persisted for
three to six minutes. This potential had an amplitude
of 70 to 120 ,uV and its latency (34 to 38 5 msec.)
was 4 to 5 milliseconds greater than that of the
original H wave. During this period, superficial
sensation and deep tendon reflexes in the legs were
lost while motor power persisted.
There was no return of function in the legs until

four to six hours after the onset of anaesthesia.
Motor power and touch sensation returned first.
No H waves or deep tendon reflexes were observed.
However, at this time the F wave could be recorded
in the plantar and dorsal foot muscles. This potential
returned at approximately the same time as the motor
power in the foot and long before the return of the
knee and ankle jerks.
Motor power and sensation returned to normal

within 10 hours following the onset but the deep
tendon reflexes and H waves did not return until 12
to.,15 hours after the onset. The H wave at this time
was small, its latency increased by 5 to 10 milli-
seconds and its threshold increased. The amplitude
and latency ofthe potential slowly returned to normal
within the next five hours.
The disappearance and return of the H wave

during spinal anaesthesia occurred at the same time
as that of the ankle jerk. This suggests that both the
H wave and ankle jerk are subserved by fibres of the
same size. These studies demonstrate that impulses
which evoke the H wave are conducted proximally to
the spinal cord.

RESULTS IN THE CAT

A potential with the characteristics of the human H
wave could be recorded in cats (Figs. 5, 6). This
potential was recorded from the surface of the calf
and in the medial and lateral gastrocnemius and
soleus muscles. It had the following characteristics:-
1 The wave was evoked by submaximal electric
stimulation of the sciatic nerve and inhibited by a
maximal stimulus for motor fibres. 2 It was in-
hibited by rapid stimulation (1 to 10 per second) and
facilitated following tetanic stimulation. 3 The
potential was obliterated by sectioning the sciatic
nerve or dorsal roots (sacral 1) proximal to the site
of stimulation. 4 With bipolar recording electrodes
in the muscle, the potential was triphasic in shape;
with surface recordings it was usually monophasic
(negative polarity), and 5, its latency was 6-5 to 7 5
msec.
However, this potential was recorded in only one

experiment performed in a normal cat anaesthetized
with pentobarbital. Since the amplitude of the
H wave in man was depressed during general
anaesthesia (Fluothane) and pentobarbital can de-
press reflex activity (Brooks and Eccles, 1947),
recordings were then made in spinal animals. In the
acute state (two to six hours) H waves could be
recorded in only two of four experiments. In the
chronic state (four to six days) an H wave was
recorded in all six experiments in spite of pento-
barbital anaesthesia. Therefore, in cats, facilitation
produced by some degree of recovery from spinal
shock was necessary for the recording of the H wave
during pentobarbital anaesthesia.

In the chronic spinalized cat, H waves could easily
be recorded from the surface of the calf muscles.
Although potentials were recorded in individual
muscles, more care and time was required in place-
ment of the electrodes. The characteristics of the
potentials and the ease of recording were the same
in gastrocnemius and soleus muscles. In these muscles
the response was evoked from either surface or
direct stimulation of the tibial nerve in the thigh.
With surface or direct stimulation of the posterior
aspect of the nerve, the H wave appeared with the
lower stimulus intensity. With direct stimulation of
the anterior aspect of the nerve the direct motor
response appeared initially.
H waves could also be recorded in other muscles

of the leg (such as the extensor digitorum longus)
and in the small plantar foot muscles. The latency
of this latter potential was 8-5 msec. This response
was obliterated by cutting the first sacral dorsal root.

In non-spinalized animals, a different late wave
was recorded from the surface of the calf following
surface stimulation of the tibial nerve in the thigh
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(Fig. 7). This potential had the following character-
istics: 1 It was evoked by a submaximal electric
stimulus and inhibited by a maximal stimulus for
motor fibres. 2 It was inhibited by rapid stimulation
(1 to 30 per second) and faciliated following tetanic
stimulation. 3 This potential was not obliterated
by sectioning the sciatic nerve proximal to the site
of stimulation. 4 The wave was usually monophasic
(negative polarity) and its latency varied from 8 to
11 milliseconds.

Since this potential persisted following proximal
sciatic nerve section, it cannot be reflex in nature like
the H wave. It did not depend on conduction in the
peroneal, hamstring, sural, or femoral nerves. The
wave was recorded with surface electrodes only and
not with concentric needles in the triceps surae.
Although its exact origin was not determined it
probably represents a motor response evoked at some
distance from the recording electrodes and recorded
late as a result of slow extraneural conduction.

FIG. 5. Recordings of the H wave in the lateral gastroc-
nemius muscle of an acutely spinalized cat; (upper) sub-
maximal stimulation of the tibial nerve in the popliteal
fossa; (middle) increase in stimulus; and (lower) maximal
stimulus for motor response. Note that the H wave is
obliterated by the maximal stimulus. Time intervals equal
1 msec.

FIG. 6. Recordings of the H wave in the lateral gastroc-
nemius muscle (upper tracing) andfrom the surface of the
calf (lower tracing) in the same animals as in Figure 5.
Amplitude marker equals 2 mv. and time intervals are

I msec.

FIG. 7. Recordings of the late wave from the surface of
the calf in an anaesthetized cat following stimulation of
the tibial nerve in the thigh (A) before sciatic nerve section
and (B) following sciatic nerve section. Stimulus strength
was increased from submaximum (1, 2) to maximum for
motor fibres (3). This response was the same before
sciatic nerve section. Amplitude marker equals 05 mv.
and time intervals are I msec.
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DISCUSSION

The H wave recorded from calf muscles truly
represents a reflex response which is closely related
to the Achilles tendon reflex. This response is blocked
at the same time as the ankle jerk by ischaemia of the
sciatic nerve in the thigh or spinal anaesthesia and
therefore is dependent on proximal conduction.
H waves are similar in man and cat. Since in the
latter they are obliterated by dorsal root section and
represent a true reflex, the response in man can be
interpreted in the same way. Magladery et al. (1951)
have recorded responses from human spinal roots
and dorsal spinal cord in their studies of the H wave.
They concluded that the central delay was equivalent
to that of one synapse and the response represented
a monosynaptic reflex. This response can be facili-
tated and inhibited in the same manner as the
monosynaptic reflex in the cat (Lloyd, 1946). These
findings confirm the conclusions of Hoffmann (1918,
1922).
The unusual features of this response, which are

described in the introduction, have not been ade-
quately explained in the past and this study provides
the following explanations of these salient points.
Although an H wave with the characteristics

outlined above was recorded only in calf muscles in
normal man, numerous investigators have reported
the occurrence ofH waves in other muscles of spastic
patients (Magladery et al., 1952; Teasdall, Park,
Languth, and Magladery, 1952; Languth, Teasdall,
and Magladery, 1952) and in infants (Thomas and
Lambert, 1960; Hodes and Gribetz, 1963; Blom,
Hagbarth, and Skoglund, 1964). In this study we have
observed this in patients with hemiplegia and in the
spinal cat. Hagbarth (1962) and Liberson (1962) have
reported that H waves can be recorded in small hand
and foot muscles following facilitation by active
contraction or tetanic stimulation. These observa-
tions suggest that the H wave needs facilitation to
be recorded in normal resting muscle except in the
triceps surae. This may best be explained by the
anatomical arrangement of the triceps surae since
here there are three large muscles which are direct
heteronymous synergists. These muscles are supplied
by a common nerve whose large afferents are super-
ficial and may be stimulated by subthreshold shocks.
A stimulus to their nerve would give rise to facilita-
tion of their overlapping subliminal zones (Creed
et al., 1932) and thus cause a large post-synaptic
discharge, a heteronymous monosynaptic reflex
discharge (Lloyd, Hunt, and McIntyre, 1955;
Lloyd and McIntyre, 1955). This response is greatest
when recorded from the surface of the lower calf
because here the responses from the three muscles
can be recorded as a large compound action poten-

tial. The response recorded in individual resting
muscles represents the homonymous monosynaptic
discharge (Lloyd et al., 1955) and this is small and
difficult to locate in normal man.
Hagbarth (1962) has reported that the response

which was recorded at rest in the soleus was large
but appeared only with facilitation (active contrac-
tion) in the gastrocnemius. He concluded that the
H wave was best recorded in the soleus muscle and
the gastrocnemius did not differ in this respect from
other muscles of the extremity. The difference be-
tween these muscles was explained by the following
facts: the soleus in cats gives a better stretch reflex
than the gastrocnemius (Denny-Brown, 1929),
motor neurones to the soleus (red) muscle have a
greater excitatory post-synaptic potential than those
to the gastrocnemius (pale) muscle (Eccles, Eccles,
and Lundberg, 1957), and slow postural muscles
as the soleus are more effectively excited by opera-
tion ofthe gamma loop (Granit, 1955). In our studies,
a largeH wave could be recorded at rest in the gastro-
cnemius and soleus although not from every part
of the former muscle. The response in the gastro-
cnemius has a different latency than that in the
soleus and represents a separate response. This
finding can probably be explained by the recent
observations of Romanul (1964) who found fibres
in localized parts of the gastrocnemius which have
the same enzymatic patterns as the slow fibres in the
soleus.
From the conduction velocities in the afferent and

efferent fibres of this reflex, it can be concluded that
large fibres (approximately 13 to 14,u) are transmit-
ting the response. These afferent fibres are similar in
size to those which Lloyd (1943b) studied in cats
(12 to 20,u) and classified as group I afferents. These
fibres have been reported to conduct at rapid rates
(72 to 120 m./sec.) (Hunt, 1954). In our studies there
was no significant difference between conduction in
afferent and efferent fibres. The threshold to electrical
stimulation should therefore be the same in these
fibres. The difference in threshold between H and
motor responses observed in the tibial nerve is
probably due to the anatomical arrangement rather
than different properties of the fibres. This arrange-
ment of superficial layering of the large afferent
fibres increases the ease of evoking the H reflex in
the triceps surae.
The H wave can be blocked by a maximal stimulus

for motor fibres. Lloyd (1943a) has reported that the
maximal antidromic volley fails to block a reflex
volley completely unless the opposed volleys clash in
the motor axon. This is not possible unless the
efferent impulse lags behind the afferent one by
approximately 1 millisecond. From our studies in
man, impulses in the fastest afferent and efferent
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fibres should reach the spinal cord at approximately
the same time. This has been demonstrated in the
cat (Ekholm and Skoglund, 1964). Therefore, in-
hibition cannot occur in the motor axon. The
inhibition of the H reflex, which is produced by an in-
crease in stimulus intensity, may be due to excitation
of higher threshold, slower conducting fibres to
interneurones such as group Il afferents which are
inhibitory to motor neurones (Lloyd, 1946; Brooks
and Eccles, 1948; Hunt, 1955). Another explanation
for this inhibition may be related to the large
number of refractory motor neurones produced by
maximal antidromic impulses as reported by Ren-
shaw (1941).

Following electric stimulation with single shocks
at intervals of 1 to 20 seconds, the response ampli-
tude of the H wave is variable and may be depressed
for 20 seconds. As the rate of stimulation is increased,
the variability ceases, the response amplitude is
decreased, and the potential can be obliterated with
rapid stimulation (5 to 6 per second). Therefore the
frequency of stimulation must not exceed 1 per 30
seconds in any study which is performed to evaluate
the amplitude of individual H responses.

This prominent variation in response amplitude
to maximal or submaximal volleys is also a feature
of the monosynaptic reflex response (Hunt, 1955).
This indicates that motor neurones are subject to
fluctuations in excitability and this in part may be
due to variation in background activity of inter
neurones. This in itself may be useful in the in-
vestigation of spinal cord dysfunction if the varia-
bility is studied quantitatively.

In patients with chronic polyneuropathy (nutri-
tional or diabetic) the conduction velocity in the
afferent fibres from the triceps surae is lower
(50 to 60 m./sec.) than normal (80 to 84 m./sec.).
This may be due either to complete blocking of large
fibres with preservation of smaller, slower conducting
fibres, or to slowing of fast conducting fibres.
The amplitude of the H wave in these cases is small
compared with normal and this suggests that there
is a reduced efferent discharge.
Ascending nerve action potentials recorded in the

tibial and peroneal nerves of these patients are small
or absent (Mayer, 1963; Mawdsley and Mayer, 1964.)
Conduction velocity in the fastest motor and sensory
fibres in these nerves is also slow. These results are
not transient and persist for months or years in
individual cases. Histological studies of nerves
performed in patients with chronic nutritional poly-
neuropathy have revealed that large fibres are affected
more than small ones (Aring, Bean, Roseman,
Rosenbaum, and Spies, 1941). Therefore in these
patients with chronic polyneuropathy, the slow

conduction velocities are the result of conduction in
smaller fibres.

Observations of the H reflex during ischaemia of
the tibial nerve reveal a slight increase in the
latency (1 5 to 3 msec.) without change in amplitude
initially. This change in conduction time is probably
due to slowing of fast conducting fibres by ischaemia.
With further ischaemia the large fibres are blocked
first (Gasser, 1934) and the prolonged latency is due
to conduction in smaller, slower conducting fibres.
During and following spinal anaesthesia the latency
of the H reflex is increased by approximately the
same amount as observed during ischaemia and in
patients with polyneuropathy. Therefore from these
studies, it can be concluded that there are slower
(small) conducting fibres which are part of the H
reflex. These responses are not normally observed
since they are included in the large H potential.
Fibres which conduct at rates of 50 to 60 m./sec.
are 8 to 10,u in diameter and are in the range of
group II afferents (Lloyd, 1943b) which have poly-
synaptic connexions. The presence of fibres in the
H reflex and ankle jerk which have polysynaptic
connexions has been suggested previously in man
(Teasdall et al., 1952; Magladery and Teasdall, 1958)
and cat (Teasdall, Magladery, and Ramey, 1958)
and receives support from this study.
The prolonged inhibition of the H wave following

spinal anaesthesia is of interest since large fibres are
usually the first to recover (Gasser and Erlanger,
1929). The depression of the ankle jerks during this
same period may be due to fusimotor (small motor
fibres) block and hence the rise in threshold of muscle
spindle stretch receptors (Landau, Weaver, and
Hombein, 1960; Matthews and Rushworth, 1957 a,
b). Since the H reflex bypasses the spindle, its in-
hibition is best explained by persistent blocking
of some large fibres. Although Landau et al.
(1960) previously reported that the H wave
was diminished at the same time when the ankle
jerk was depressed during differential spinal block,
they suggested that this resulted from fusimotor
blockade, but the possibility remains likely that some
of the large afferents for the H reflex were blocked
at the same time as the gamma efferents.
The late response (F wave) recorded in small foot

or hand muscles in normal man is similar to the H
wave in the following ways. 1 The response depends
on proximal conduction and is obliterated by spinal
anaesthesia. 2 The response is facilitated by active
contraction and following tetanic stimulation (Hag-
barth, 1962), and 3,conduction in afferent and efferent
fibres is the same (Dawson and Merton, 1956;
Johns, Grob, and Harvey, 1957; Angel and Alston,
1964). The F waves are not similar to H waves in
that the response is conducted in slower (smaller)
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fibres; threshold to electric stimulation is greater;
the response is not blocked by maximal stimuli
for motor fibres, and following spinal anaesthesia the
F wave returns at the same time as motor power
and touch sensation and long before the H wave.
The reflex response recorded in cat plantar muscles
is obliterated by dorsal root section. If this can be
considered the equivalent ofthe F wave, this response
is also reflex in origin. Magladery and McDougal
(1950) concluded that the F wave was reflex in
origin with polysynaptic connexions and conduction
was slower in afferent than efferent fibres. However,
Dawson and Merton (1956) reported that conduc-
tion was the same in afferent and efferent fibres
of the F wave and concluded that the response re-
sulted from a small recurrent discharge of a few
motor neurones. This question cannot be definitely
settled in man until the F wave is studied during
dorsal root blockade. Therefore, at the present time,
this response should not be utilized in the investiga-
tion of peripheral nerve or spinal cord function.
The H reflex is clinically useful. It affords indices

of conduction in fastest afferent fibres, of the
number of motor neurones discharged, and of the
activity of interneurones. If technical refinements of
its elicitation are observed, then its alterations afford
estimates of disturbed proximal conduction in
peripheral neuropathies and altered motor neurone
excitability in upper motor neurone lesions.

If the cat is to be used as an experimental model in
further studies of the H reflex, great care must also
be taken in the recording of the response. In this
study chronic spinalization was necessary for regular
recording of the H reflex in cats during pentobarbital
anaesthesia. This agrees with the report of
Teasdall et al. (1958) but differs from the study
of Ekholm and Skoglund (1964). The response
studied by the latter authors, however, was recorded
through the skin and the latency of the potential was
greater than that observed in our experiments. How-
ever, the latency of the H wave (6-5 to 7'5 msec.),
which we recorded in the gastrocnemius muscle of
the cat, is similar to the latency of the tendon jerk
recorded in the same muscle, 5 95 (Lloyd, 1943c)
and 8-6 msec. (Denny-Brown, 1928). Since we have
recorded a similar potential which is not reflex in
origin, using surface electrodes on the calf, record-
ings should be made with concentric needles in
muscle and the reflex nature of the response proved
by proximal root section.

SUMMARY

In view of some recent differences in the interpreta-
tion of changes in the H wave, a systematic explora-
tion of the fundamental characteristics of the

phenomenon has been performed in man and in the
cat and the following conclusions made. 1 The H wave
recorded from calf muscles is reflex in origin and
consists primarily of a monosynaptic linkage through
large fibres but also contains a polysynaptic linkage
through small fibres. 2 This response can be recorded
in other muscles but facilitation is necessary. 3
Conduction velocities in the fastest afferent and
efferent fibres of this reflex are the same and indicate
that large fibres (13 to 14,u) transmit the mono-
synaptic discharge. 4 In patients with peripheral
neuropathies, the conduction velocity in these
fibres is reduced and this is a useful test in the early
diagnosis of peripheral nerve lesions. 5 The response
amplitude and its variations may be used to measure
motor neurone excitability provided that technical
care is observed.
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