


INVITED REVIEW ABSTRACT: The Hoffmann reflex (H-reflex) is extensively used as both a
research and clinical tool. The ease with which this reflex can be elicited in
several muscles throughout the body makes it an attractive tool. This review
discusses some of the important limitations in using the H-reflex. In partic-
ular, the inaccurate but widely held assumptions that the H-reflex (1) repre-
sents the monosynaptic reflex of the Ia afferent onto homonymous motoneu-
rons, and (2) can be used to measure motoneuronal excitability are
addressed. The second part of this review explores the utility of the H-reflex
as a neural probe in neurophysiology and motor control research. Applica-
tions ranging from the investigation of the functional organization of neural
circuitry to the study of adaptive plasticity in spinal structures in health and
disease suggest that the H-reflex will continue to be an extensively used tool
in motor control neurophysiology.

Muscle Nerve 28: 144–160, 2003

THE H-REFLEX AS A TOOL IN
NEUROPHYSIOLOGY: ITS LIMITATIONS
AND USES IN UNDERSTANDING
NERVOUS SYSTEM FUNCTION

JOHN E. MISIASZEK, PhD

Department of Occupational Therapy and Centre for Neuroscience, University of Alberta,
2-64 Corbett Hall, Edmonton, Alberta T6G 2G4, Canada

Accepted 29 January 2003

The Hoffmann reflex (H-reflex) is perhaps the
most extensively studied reflex in the literature on
human and mammalian neurophysiology. This is
due largely to the ease with which the reflex can be
elicited in a variety of muscles. The H-reflex can be
elicited in most muscles whose nerve can be accessed
by percutaneous electrical stimulation at some point
along its path. Indeed, H-reflexes have been re-
corded in over 20 muscles throughout the body
including muscles of the hand, arm, leg, foot, and
jaw. The relative ease with which the H-reflex can be
elicited in muscles throughout the body, involving
both spinal and cranial nerves, has also made the
H-reflex an attractive clinical tool. However, there
are limitations to the interpretation of H-reflex data,
both as a clinical and research tool, that have often
been overlooked. The purposes of this review article
are to (1) define the limitations in the interpreta-

tions of the H-reflex in neurophysiology and motor
control research (and by extension as a clinical
tool), and (2) highlight the insights into the func-
tion of the nervous system that can be achieved with
the use of the H-reflex as a neural probe.

The neural circuitry responsible for the H-reflex is
predominantly characterized by the monosynaptic pro-
jection of the group Ia afferents onto the homonymous
motoneurons. This basic neural circuit is schematically
represented in Figure 1. In general, percutaneous elec-
trical stimulation of the mixed nerve will activate the
large-diameter group Ia afferents. (The methods for
eliciting the H-reflex have recently been comprehen-
sively reviewed, along with detailed technical consider-
ations.90 Thus, the details of the techniques will not be
addressed in the present review.) The afferent volley
then proceeds to the spinal cord leading to a mono-
synaptic excitation of the target motoneurons and the
subsequent activation of the muscle fibers. As the neu-
ral circuitry of the H-reflex is largely the same as the
monosynaptic stretch reflex (tendon-tap reflex), the
H-reflex has often been described as the electrical
analog of the stretch reflex. However, since the H-
reflex is evoked by the direct activation of the afferents,
the sensory endings of the muscle spindle sense organs
are bypassed along with the influences of �-motoneu-
ron activity on spindle sensitivity. Thus, the H-reflex
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can be used as a tool to measure the excitability of the
neural components of the arc, irrespective of sense
organ sensitivity.

The largely monosynaptic nature of the reflex
circuitry makes the H-reflex an attractive tool for
research and in clinical neurophysiology. Indeed,
the simplicity of this reflex circuit has led to the
misunderstanding that the H-reflex can be used as
an unambiguous measure of the excitability of the
motoneuron pool. This misunderstanding may lead
to erroneous interpretations of the data both in
research and clinical studies. Changes in the ampli-
tude of the reflex (assuming the methods are tech-
nically sound, see Zehr90) can be explained by at
least three possibilities: (1) alteration in the excit-
ability of the motoneurons; (2) variation in the
amount of neurotransmitter released by the afferent
terminals; or (3) variation in the intrinsic properties
of the motoneurons.13 Moreover, the H-reflex is not

purely a monosynaptic reflex originating from only
group Ia afferents, but is confounded by oligosynap-
tic contributions from the Ia and other large-diam-
eter afferents. Thus, the use of the H-reflex as a
research or clinical tool becomes limited. These lim-
itations shall be explored in the subsequent sections
of this review. Nevertheless, the H-reflex remains a
potentially powerful tool in the research and clinical
settings, provided it is used in adequately designed
and controlled studies. Some of the potential uses of
the H-reflex in the research setting will be explored
later in this review.

LIMITATIONS TO THE INTERPRETATION OF
H-REFLEX DATA

At first glance, the H-reflex technique seems simple
and straightforward. However, if the methodology
used is not sound, the data become confounded by
multiple factors and interpretation becomes impos-
sible. One must consider aspects beyond the direct,
technical issues surrounding the procedures for
stimulating and recording, and consider the idea
that the H-reflex is highly modifiable and is influ-
enced by a multitude of factors. Furthermore, even if
H-reflexes are sampled with meticulous care for all
confounding factors, the interpretation of the data is
often marred by one of two overarching assump-
tions. The first assumption is that the H-reflex is
derived purely from group Ia afferents, projecting
monosynaptically onto the target motoneurons. The
second, and perhaps most widely abused assump-
tion, is that the H-reflex reflects the excitability of
the motoneuron pool being tested. Neither of these
assumptions is valid and each places limitations on
the interpretations of the results from H-reflex stud-
ies.

The H-Reflex Is More than Just a Ia Monosynaptic Re-

flex. In 1951, Magladery et al.64 asserted that the
H-reflex elicited in the soleus muscle was monosyn-
aptic, based upon the sufficiently brief latency from
time of stimulus to onset of the waveform. Subse-
quently, Burke et al.10 suggested that the composite
excitatory postsynaptic potential (EPSP) of the H-
reflex in the motoneurons of soleus had a suffi-
ciently long rising phase to permit oligosynaptic in-
puts to reach the motoneuron before the EPSP
began to fade. This indicates that the oligosynaptic
inputs have ample time to contribute to the H-reflex.
There is also considerable evidence from cats36,54,55

and mounting evidence in humans10,11,39 for the
existence of oligosynaptic pathways from group Ia
afferents onto homonymous muscles. Thus, the ear-
liest component of the H-reflex (�0.5 ms) is still

FIGURE 1. (A) Schematic depiction of the neuronal components
of the H-reflex arc. Shown are a Ia afferent with a monosynaptic
projection to an homonymous �-motoneuron, a presynaptic con-
nection onto the Ia afferent terminal, an excitatory postsynaptic
connection, and an inhibitory postsynaptic connection. Each of
the factors which can contribute to modulation of the amplitude of
the H-reflex are indicated by numbers: 1, presynaptic inhibition;
2, homosynaptic depression; 3, fluctuations in motoneuronal ex-
citability due to excitatory and inhibitory postsynaptic influences;
and 4, changes in motoneuron membrane properties. (B) Sample
trace of the electromyographic record of an H-reflex recorded in
soleus depicting the H-reflex, M-wave (from direct activation of
the �-motoneurons by the electrical stimulus), and stimulus arti-
fact. In other muscles, for which the conduction distance is
shorter, the H-reflex may overlap with the M-wave making disso-
ciation of the two waveforms difficult.
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predominantly comprised of the monosynaptic Ia
effects, but the later portions of the reflex probably
include contributions from oligosynaptic Ia path-
ways.

Moreover, it must be considered that electrical
stimulation of the mixed nerve to evoke the H-reflex
is unlikely to reflect isolated recruitment of the
group Ia afferents. A convenient practice in H-reflex
testing is to evoke reflexes with stimulus intensities
sufficient to elicit a small direct motor response (M-
wave).90 The M-wave represents the direct activation
of the muscle fibers with the recruitment of the
�-motoneurons by the electrical stimulation (Fig.
1B). Since the axons of the �-motoneurons are
smaller in diameter than the axons of the group Ia
afferents, the presence of the M-wave indicates that
smaller-diameter afferents will also be recruited, in-
cluding group Ib afferents serving Golgi tendon or-
gans, some larger-diameter cutaneous afferents, and
possibly some group II muscle spindle afferents.
None of these afferent sources can be conclusively
excluded from contributing to or confounding the
H-reflex recorded in the muscle following the stim-
ulus.

Factors Affecting Transmitter Release from the Termi-

nals of the Ia Afferents. Perhaps the most troubling
assumption that is often made in using the H-reflex
as a research or clinical tool is the belief that the
H-reflex is a measure of the excitability of the mo-
toneuron pool. However, this assumption is not valid
as the amplitude of the H-reflex will be affected by
variations in the amount of neurotransmitter that is
released from the Ia afferent terminals. There are
two factors that can affect neurotransmitter release:
(1) presynaptic inhibition of the Ia afferent termi-
nals, and (2) postactivation depression. The evi-
dence that these mechanisms contribute to the reg-
ulation of the amplitude of the H-reflex has been
succinctly reviewed elsewhere90 (see Rudomin and
Schmidt78 for an extensive review on presynaptic
inhibition, and Stein84 for an extensive review of the
evidence for presynaptic inhibition in humans) and
will not be discussed here. Rather, the following
sections will review the evidence in the literature that
describes sources for each of these presynaptic mod-
ifications in reflex excitability and the implications
for using the H-reflex as a research tool.

Events that Lead to Presynaptic Inhibition of the
H-Reflex Arc. Presynaptic inhibition of the mono-
synaptic reflex arc was initially described in the late
1950s and early 1960s in the cat.31,37 The initial
studies identified suppression of the monosynaptic
Ia EPSP following conditioning stimulation of other,

heteronymous group I afferents. From these early
studies, the mechanisms and characteristics of pre-
synaptic inhibition in the mammalian spinal cord
have been extensively detailed.78 Throughout the
1960s, Eccles and his colleagues systematically
mapped the presynaptic inhibition in Ia afferents of
various muscles throughout the hindleg of the cat
generated by stimulation of heteronymous afferent
sources. The Ia afferents from most muscles appear
to be presynaptically inhibited by stimulation of pre-
dominantly hindleg flexor group I afferents.31 How-
ever, conditioning stimulation of some hindleg ex-
tensor group I afferents also produced primary
afferent depolarization (which results in presynaptic
inhibition) in Ia afferents of the hindleg.31 More-
over, selective stimulation of heteronymous Ia or Ib
afferents led to primary afferent depolarization of
hindleg Ia afferents. The important consideration
here is that activation of remote muscle afferents
leads to presynaptic inhibition of the Ia afferent, and
presynaptic suppression of the H-reflex.

In humans, presynaptic inhibition of the H-reflex
can also be initiated by heteronymous afferent acti-
vation. For example, conditioning stimulation of the
common peroneal nerve at group I strength results
in presynaptic inhibition of the soleus H-reflex with
an interstimulus delay of between 80 and 120 ms.51,93

This example is technically the easiest available to
elicit presynaptic inhibition of an H-reflex in hu-
mans, in the case the H-reflex of the soleus muscle.
However, it may be assumed that the extensive het-
eronymous projections leading to presynaptic inhi-
bition described in the cat31 are also candidates for
initiating presynaptic inhibition of the H-reflex in
humans. Indeed, Iles and Roberts53 demonstrated
that vibration of heteronymous muscles throughout
the leg resulted in a mapping of presynaptic inhibi-
tory connectivity very similar to that described in the
cat. The implication is that activation of distant af-
ferent sources can lead to presynaptic inhibition of
H-reflexes. Thus, during testing, changes in the pos-
ture of the subject or motion about one or more
joints will lead to changes in the activity of afferents,
which in turn could lead to alterations in the level of
presynaptic inhibition. Brooke and his colleagues
demonstrated that passive motions of the leg (but
with the ankle joint immobilized) led to suppression
of the ipsilateral soleus H-reflex.65 It is important to
note that the suppression of the H-reflex occurred
even if the subjects maintained a mild tonic contrac-
tion of the soleus muscle6,67 (Fig. 2), indicating that
the excitability of the soleus motoneuron pool was
relatively constant. The conclusion was that passive
movements of the limb causes afferent activation
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that then leads to presynaptic inhibition of heteron-
ymous Ia afferents. Moreover, placing the leg stati-
cally at various points in the movement cycle also

attenuated the soleus H-reflex, with maintained
tonic contraction of soleus. Therefore, motion is not
a prerequisite of the afferent-induced presynaptic
inhibition, as a simple change in leg posture is suf-
ficient to alter the level of presynaptic inhibition.

The afferent drive that leads to the presynaptic
inhibition of the H-reflex need not be derived from
intralimb sources. Cheng et al.18 demonstrated a
similar decrease in amplitude of the soleus H-reflex
with passive motion of only the contralateral leg.
Other interlimb sources of H-reflex modulation
have been reported. For example, rhythmical arm
swing leads to phasic modulation of the ipsilateral
soleus H-reflex.45 Unfortunately, in this study, the
H-reflexes were sampled from quiescent muscles,
thus not permitting speculation as to whether this
interlimb modulation was the result of pre- or
postsynaptic influences. More recently, Collins et
al.22 reported that bilateral active arm cycling atten-
uated the soleus H-reflex while subjects maintained
a tonic contraction in soleus. This suggests presyn-
aptic inhibition of the soleus H-reflex with active
cycling of the arms. However, from this study, it is
not possible to determine whether the inhibition of
the soleus H-reflex is related to descending motor
commands associated with the arm cycling task or
afferent feedback arising from the movement.

Presynaptic inhibition of the H-reflex can also
arise from descending supraspinal sources. In early
animal studies, it was shown that stimulation of
brainstem vestibular nuclei resulted in primary affer-
ent depolarization of Ia afferents in the legs.78 More
recently, Gosgnach et al.41 demonstrated that mono-
synaptic reflexes recorded in the paralyzed cat were
presynaptically inhibited when brainstem regions
important for the initiation of locomotion (the mes-
encephalic locomotor region) were electrically stim-
ulated. This is in contrast to the work of Misiaszek et
al.69 who showed no difference in the soleus H-reflex
amplitude in the decerebrate cat spontaneously
walking on a treadmill, compared to H-reflexes ob-
tained during periods of tonic soleus activity in the
same preparation. The results of Misiaszek et al.69

suggest that the spinal networks involved in rhythm
generation for locomotion do not generate presyn-
aptic inhibition of the monosynaptic reflex per se.
The implication is that the result of Gosgnach et al.41

probably represents presynaptic inhibition derived
from the brainstem structures that were electrically
stimulated.

Presynaptic inhibition derived from supraspinal
sources has also been shown to contribute to modu-
lation of H-reflexes in humans. For example, soleus
H-reflexes are smaller following sudden whole body

FIGURE 2. Phase modulation of the soleus (SOL) H-reflex during
passive pedaling of the test leg with and without tonic contraction
of the target muscle. The ankle was securely braced at 90° to
prevent movement of the ankle joint during pedaling. In each
panel, the four lines represent the average H-reflex amplitude
from four subjects during passive pedaling at different rates: solid
line with filled triangles, stationary; dotted line with filled circles,
10 rpm; dotted line with filled diamonds, 30 rpm; and solid line
with filled squares, 60 rpm. In (A), the soleus muscle was quies-
cent and, in (B), the subjects maintained a tonic contraction of
soleus of 15% maximum voluntary contraction (MVC). Note that
the pattern of modulation and the rate-dependent decrease in
H-reflex amplitude are retained when the soleus muscle was
tonically contracted, suggesting the effects are due to presynap-
tic inhibition of the Ia afferent. (Modified from Misiaszek et al.,67

with permission).
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tilts, compared with quiet standing, but with
matched background electromyogram (EMG) activ-
ity in soleus.73 This modulation of the H-reflex may
involve activation of the vestibular apparatus,56 con-
sistent with the evidence from animal work that ves-
tibular stimulation leads to presynaptic inhibition in
Ia afferent pathways.78

In another example, mental rehearsal of a move-
ment leads to modulation of H-reflex amplitudes
in leg muscles4 or arm muscles.40 The modulation in
amplitude could not be explained by changes in
background EMG activity, suggesting changes in pre-
synaptic inhibition of the Ia afferent pathway. Simple
observation of a movement also leads to modulation
of the H-reflex in a hand muscle. The pattern of
modulation was characterized as the “inverted mir-
ror” of the pattern of corticospinal excitability, sug-
gesting that the H-reflex arc is modulated at a site
prior to the motoneuron pool3 (Fig. 3). In addition,
Hasbroucq et al.44 demonstrated that H-reflexes de-
crease in amplitude during the foreperiod of a
choice reaction-time task in a forearm muscle, de-
spite tonic activation of the target muscle. Taken
together, these observations indicate that activation
in cortical structures may also lead to modulation of
H-reflexes through presynaptic mechanisms.

It should also be noted that there are factors that
may not directly generate presynaptic inhibition of
Ia afferents, but that modulate the presynaptic inhi-
bition derived from other sources. For example, in

animal studies, it has been shown that stimulation of
cutaneous afferents, pyramidal tract fibers, and
other descending tracts78 did not produce primary
afferent depolarization (and thus presynaptic inhibi-
tion) of Ia afferents, but did inhibit the primary
afferent depolarization generated from other
sources. Galvanic stimulation of the vestibular appa-
ratus,52 magnetic stimulation of the motor cortex,51

and stimulation of cutaneous afferents51 may lead to
a similar interaction on Ia–Ia presynaptic inhibition
in humans. Thus, the level of presynaptic inhibition
that is present at the Ia afferent terminals is affected
by direct and indirect factors, each of which would
contribute to the variations in the amplitude of the
H-reflex tested.

Postactivation Depression and the H-Reflex. As the
term postactivation depression implies, the history of
activity at the Ia afferent to �-motoneuron synapse is
an important factor affecting transmission in the
H-reflex arc. It has been suggested that postactiva-
tion depression results from reduced release of neu-
rotransmitter from synaptic terminals that have re-
cently been activated.49,60,85 If this is the case, then
any prior activation of the Ia afferent can be ex-
pected to lead to a reduction in the available neuro-
transmitter stores in the Ia afferent terminals. If this
depletion becomes pronounced, there will be insuf-
ficient stores to allow a full quantum of transmitter
to be released with subsequent activations. This
mechanism is believed to be responsible for the
well-characterized pattern of postactivation depres-
sion observed with H-reflex testing.49,60,75 In fact,
postactivation depression (in which subsequent H-
reflexes are smaller in amplitude than preceding
reflexes) persists for about 8 s.63 This has important
implications for the techniques used in H-reflex test-
ing.27,90 That is, postactivation depression may be an
important factor leading to changes in H-reflex am-
plitude for any study that attempts to use H-reflex
testing during movements. This would particularly
be the case during movements that will change the
length of the target muscle. Changing the length of
the target muscle will activate the muscle spindle
stretch receptors. This, in turn, will result in activa-
tion of the very Ia afferents which will then be ac-
cessed when eliciting the H-reflex. This prior activity
in the Ia afferents could lead to suppression of the
H-reflex due to postactivation depression.9,49,89 It
should also be remembered that the prior activity in
the Ia afferents may render some of these afferents
refractory at the time the electrical stimulation to the
nerve is delivered, thereby reducing transmission
through the H-reflex arc due to reduced Ia afferent
recruitment.9

FIGURE 3. Changes in excitability of the H-reflex in flexor digi-
torum superficialis while subjects observed a video showing a
human hand opening to extend a rubber band (white columns) or
closing onto a sphere (black columns). The reflex elicited either
250 ms (early) or 750 ms (late) after the onset of the observed
movement. The target muscle was quiescent throughout the
experiment. The asterisks indicate significant differences (P �
0.05) in amplitude, with respect to the control condition (observ-
ing a stationary hand). The data are the average from six sub-
jects. (Modified from Baldissera et al.,3 with permission).
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One of the techniques that has been used to
minimize the effects of postactivation depression is
to brace securely the joints that a muscle crosses so as
to reduce the stretch imposed on the test muscle.5

However, this technique is not completely adequate
to eliminate the possibility of postactivation depres-
sion from contributing to changes observed in the
H-reflex between tasks. Changes in fusimotor drive
may occur, which would then alter Ia afferent dis-
charge, fluctuations in isometric contraction levels
can lead to variations in muscle spindle discharge by
unloading the muscle spindle, and bracing does not
completely eliminate potential muscle length
changes. For these reasons, it is recommended that
all conditions be tested with bracing of the necessary
joints plus maintaining a tonic level of background
activity in the test muscle. Although this contraction
may itself affect the amount of postactivation depres-
sion generated, presumably the effect of postactiva-
tion depression will be consistent between condi-
tions.

Fluctuations in Motoneuron Excitability. It is without
question that the excitability of the motoneuron
pool plays a substantial role in determining the am-
plitude of the H-reflex. The point of the preceding
arguments was not to dispute this fact, but to high-
light the importance of premotoneuronal events in
determining the amplitude of the H-reflex as well.
The relation between background EMG levels and
H-reflex amplitude is well established.79 The
changes in amplitude of the H-reflex that occur
during movement can often be largely related to the
level of ongoing EMG activity in the test muscle.
Moreover, in the quiescent muscle, the level of ex-
citability of the motoneuron pool is not necessarily
stable. With converging excitatory and inhibitory
postsynaptic events, the level of depolarization of
motoneurons may rise and fall below the threshold
for activation, leading to changes in H-reflex ampli-
tude with no overt EMG activity. As an example, the
soleus H-reflex is largely abolished during the swing
phase of locomotion when the soleus muscle is elec-
tromyographically quiescent.14,15,32,35,80,81 In con-
trast, an H-reflex is readily elicited from the quies-
cent soleus muscle when a subject is seated.
Reciprocal inhibition related to the contraction of
the antagonist muscle, via postsynaptic inhibition, is
strongly implicated in the abolition of the soleus
H-reflex during the swing phase of walking.80

Intrinsic Properties of Motoneurons. Variations in
the amplitude of the H-reflex may also arise from
variations in the intrinsic properties of motoneu-

rons. For example, Wolpaw’s group have described
long-term adaptations in the magnitude of the H-
reflex in animal models induced by training.87,88 A
portion of these adaptations was due to changes at
the motoneuron itself. This is of importance if com-
parisons are to be made between groups of individ-
uals (such as patient populations vs. non-patients)
whose motor systems may have undergone extensive
plastic changes, or within individuals if recordings
are made over long periods of time (for example,
before and after a training regimen). More short-
term and immediate changes in motoneuron prop-
erties may also affect the amplitude of the H-reflex.
For example, the neuromodulator 5-hydroxytrypta-
mine [(5-HT) serotonin] is capable of changing the
firing properties of motoneurons.57 There is evi-
dence from animal studies that this substance con-
tributes to the generation of plateau potentials in
motoneurons, which alters the firing characteristics
of the motoneuron.48 There is mounting evidence
that similar changes in the firing properties of hu-
man motoneurons occur.21,23 The implication is that
with a change in task or state, there may be a con-
comitant change in motoneuronal properties that
affects the recruitment gain of the H-reflex.

H-Reflex Amplitude Is the Product of Complex Interac-

tions. As can be seen, despite the relative simplicity
of the neural circuitry that mediates the H-reflex, the
regulation of the amplitude of the H-reflex remains
very complex. From the preceding discussion, it
seems obvious that the amplitude of the H-reflex can
be affected by many factors related to the physical or
mental state of the individual. This makes usage of
the H-reflex as an experimental tool problematic if
care is not taken to control, or at least minimize, the
effects of extraneous variables. For example, simple
changes in posture can have a profound influence
on the magnitude of the H-reflex. These changes in
H-reflex amplitude can be derived from changes in
homonymous afferent firing (postactivation depres-
sion), from heteronymous intralimb afferent signals
resulting in both postsynaptic changes in motoneu-
ron excitability or presynaptic inhibition, interlimb
afferent influences (presumably including contralat-
eral, ipsilateral, and diagonally related limbs), vestib-
ular-induced changes in reflex excitability, potential
changes in postural set,76 descending motor com-
mands, or attention.47 The amplitude of the H-reflex
will reflect the net influence of these inputs to the
reflex arc. It remains to be determined how each of
these individual signals is integrated and to what
extent they may affect the amplitude of the H-reflex.
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It is also probable that, with a simple change in
posture, some of these influences will interact in
rather complex ways. For example, as described
above, stimulation of cutaneous afferents in the cat
does not lead to direct presynaptic inhibition of Ia
afferents, but rather suppresses the presynaptic inhi-
bition that is induced by heteronymous Ia affer-
ents.78 This sort of complex interaction between reg-
ulatory inputs is also evident in humans.53 As
described more fully later in this review, Knikou and
Rymer59 demonstrated that changing the static posi-
tion of the hip results in a switching of the influence
of foot sole stimulation on the amplitude of the
soleus H-reflex. Such an interaction between condi-
tioning stimuli has important implications, not only
in the understanding of the regulation of simple
spinal reflexes in motor control research, but also in
the technical considerations for using the H-reflex.

The multiple factors that influence the ampli-
tude of the H-reflex make it difficult to use the
H-reflex in research or clinical settings. Careful con-
sideration must be given to the extraneous variables.
For example, if one wishes to compare the H-reflex
between condition A and condition B, then only
those factors that change specifically due to condi-
tion can be allowed to change. Did the subject look
to one side during condition A and the other during
condition B? How will this impact the H-reflex am-
plitude? For the most part, using sufficiently large
numbers of subjects and adequately randomizing
the experimental protocol can account for these
factors. However, attention needs to be paid to en-
sure that no systematic changes occur that are not
intended by the change in condition. If this occurs
and cannot be remedied, these additional variables
must be measured and accounted for in the statisti-
cal analysis. Even then, the potential for confound-
ing factors influencing the data, and thus the con-
clusions drawn, makes the use of the H-reflex
challenging. These factors are paramount in the
clinical setting, where the measures from an individ-
ual are used either diagnostically or as a means of
assessing change over time. Can one be certain that
all extraneous factors are adequately controlled in
the individual to gain meaningful measures of H-
reflex amplitude?

USING THE H-REFLEX AS A NEURAL PROBE

Despite the limitations described in the preceding
section, the H-reflex remains a useful probe to study
the neural control of movement. This is particularly
true in human motor control research, where the
techniques available to gain detailed understanding

of the workings of the nervous system are limited.
The relative ease with which the H-reflex can be
recorded, using surface stimulation and recording
techniques, from various muscles throughout the
body creates opportunity to study many aspects of
neural control in motor systems. In the following
sections, some of the potential uses of the H-reflex as
a probe into the neural mechanisms of motor con-
trol will be explored.

Probe for Investigating the Functional Organization of

Neural Circuitry. Electrical stimulation of a nerve,
so as to generate an H-reflex, results in a synchro-
nous activation of the recruited Ia afferents, with
a subsequent relatively synchronous activation of a
portion of the pool of target motoneurons. As a
result, relatively subtle changes in the excitability of
the reflex arc are readily detected. This means, for
example, that changes in motoneuron excitability
are more readily detected with an H-reflex than
from the ongoing EMG trace. The implication is that
the amplitude of the H-reflex is a more sensitive
measure of neuronal interactions than is simple elec-
tromyography. As such, using the H-reflex is more
likely to detect functional neuronal interactions,
which affect a particular motoneuron pool. Of
course, the caveat is that it may not be possible to
distinguish between changes due to motoneuron
excitability rather than presynaptic inhibition. Nev-
ertheless, a conditioning stimulation applied else-
where in the body (for example), which then leads
to suppression or facilitation of the H-reflex, clearly
indicates some form of connectivity.

The use of the H-reflex in this role has been
invaluable in describing the neural connections that
exist in humans, which may contribute in regulating
movements. For example, Iles and Roberts53 used
conditioning stimulation (either electrical or vibra-
tory) of afferent pathways onto the H-reflex in vari-
ous muscles of the leg. In doing so, many of the
heteronymous presynaptic interconnections that
were identified earlier in the cat were also described
in the human. In other instances, the effects of
mechanical or electrical conditioning stimuli have
described changes in excitability of H-reflex path-
ways due to activation of afferents for muscles of the
leg (for example, Cheng et al.17) and arm (for ex-
ample, Cavallari and Lalli16). More natural activation
of afferents can also be used to identify the presence
of certain neuronal connections. For example, pas-
sively rotating the legs in a cycling motion leads to
suppression of soleus H-reflexes in humans, attrib-
uted to presynaptic inhibition initiated by afferent
sources (see Brooke et al.5 for review). By isolating
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the motion to that of individual limbs18,24,65 or even
individual joints,8,68 greater detail of the neuronal
connectivity that must exist between the limbs and
limb segments was described. Similar movement-
related suppression of H-reflexes has recently been
reported for arm muscles.38,91 In addition, Hiraoka
and Nagata46 described suppression of the soleus
H-reflex with passive motion of the ipsilateral arm,
identifying a neuronal interconnection between af-
ferent feedback from the arm and spinal reflexes in
the leg.

Although the specific neuronal connections may
not always be readily identified using this approach,
the identification of an alteration in H-reflex ampli-
tude by a conditioning stimulus elsewhere indicates
interaction. Further experiments can then be per-
formed to begin to identify the involved neural struc-
tures. For example, McIlroy et al.65 described sup-
pression of the soleus H-reflex with passive cycling
motion of the legs. Later, Brooke et al.7 demon-
strated that the inhibition of the H-reflex occurred
at a short-latency following the onset of movement,
suggesting that spinal circuitry mediated the effect
(Fig. 4A). Brooke et al.7 also demonstrated that the
movement-induced suppression of the soleus H-re-
flex was present in individuals with a clinically com-
plete cervical spinal cord injury, further suggesting
the spinal nature of the circuitry involved (Fig. 4B).

Changes in the excitability of the H-reflex can
also indicate the existence of more complex interac-
tions, which may provide insight into the integrative
processes of some neuronal circuitries. Knikou and
Conway58 showed that application of pressure to the
sole of the foot significantly depressed the soleus
H-reflex. It was later demonstrated that electrical
stimulation of the plantar skin also produced inhi-
bition of the soleus H-reflex if the hip was in a flexed
position.59 However, changing the position of the
hip to extension resulted in the same electrical stim-
ulation of the plantar skin to produce facilitation of
the H-reflex. This study indicates that stimulation of
the foot sole accesses an inhibitory and facilitatory
pathway onto the soleus H-reflex pathway, and that
the afferent feedback associated with hip joint angle
is used as a switch between them. When studied in
conjunction with other reflexes or pathways, the
modulation or lack of modulation of the H-reflex
can provide even further insight into the organiza-
tion of neuronal circuitry. Zehr et al.92 showed a
differential task-dependent modulation between a
cutaneous reflex recorded in soleus and the soleus
H-reflex during leg cycling, suggesting the two reflex
systems are regulated by independent mechanisms.

The direct identification of neuronal circuitry in
the human is limited by the obvious restrictions
placed upon human experimentation. The H-reflex
allows an indirect look into the organization and
connectivity within the sensory-motor systems of the
human. Though indirect, the changes in H-reflex
excitability that follow various conditioning stimuli
allow for conclusions to be drawn about circuitry
that must exist to allow the modulation to occur. In
some instances, this indirect evidence extends to
humans circuitry previously described in an animal
model with more direct measures (for example, Iles
and Roberts53). In other instances, the indirect evi-
dence from humans is later corroborated by more
direct evidence from an animal model.66,70 Regard-
less, with careful design and creative approaches, the
H-reflex provides the possibility to describe aspects
of neuronal organization and function in the hu-
man.

FIGURE 4. (A) Changes in soleus H-reflex amplitude following
the onset of passive pedaling. The data are the average data
from one subject. The amplitude of the H-reflex, along with one
standard error (broken line) are depicted for 200 ms after the
onset of the movement. The control reflex amplitude is repre-
sented by the horizontal line (Sat). The average M-wave ampli-
tude is also shown for comparison. Note that the depression of
the H-reflex occurs at a short latency after movement onset,
suggesting spinal circuitry mediates the effect. (B) Movement-
induced depression of the soleus H-reflex in a clinically complete
quadriplegic subject. The left panel shows average H-reflexes
(n � 20) for the control (no movement) condition. The right panel
shows average H-reflexes (n � 12) when the leg was moved at
a pedaling rate of 20 rpm. (Adapted from Brooke et al.,7 with
permission).
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Probe for a Change in State of Spinal Excitability. In
the preceding section, the idea was discussed that
neuronal organization could be explored using the
H-reflex as a probe, where discrete stimulation of
one neural structure (or a group of closely related
structures) leads to changes in the excitability of the
H-reflex arc. The main point was that by using such
a technique, relatively specific connections could be
explored. In this section, more generalized condi-
tioning will be explored, involving multiple neural
structures and less readily defined circuitry. Ulti-
mately, generalized changes in excitability will also
lead to discussions about possible neural circuitry
that mediate those changes. Consequently, the pre-
vious section and this section are closely related.
Indeed, the description of a change in H-reflex ex-
citability can then lead to specific experimental ap-
proaches to elucidate the circuitry and mechanisms
involved.

Prior to a voluntary movement, the H-reflex is
facilitated about 100 ms before the onset of the EMG
activity in the agonist muscle.25 This facilitation is
evident with similar timing during a choice reaction
test, where the subject must first select the appropri-
ate movement following a go signal.33,34 Riedo and
Rüegg77 demonstrated that neither the reaction time
associated with such a task, nor the premovement
increase in soleus H-reflex excitability were affected
when subjects performed similar choice reaction
tasks while maintaining a steady background level of
EMG activity in the target muscle (Fig. 5). The im-
plication is that with the onset of a voluntary move-
ment there is a change in the excitability of the
H-reflex arc, largely by altering presynaptic inhibi-

tion, which may reflect a state-dependent change in
the general excitability of spinal systems in prepara-
tion for movement. Collins et al.20 later showed that
changing the kinesthetic requirements of a move-
ment performed in a simple reaction-time task did
not result in changes to the premovement modula-
tion of the soleus H-reflex. This suggests that the
alteration in soleus H-reflex excitability was associ-
ated with preparation of movement and not related
to changing sensory requirements of the task, indi-
cating that descending commands prior to move-
ment alter spinal reflex excitability. Similar changes
in soleus H-reflex excitability in the foreperiod of a
reaction sit-to-stand movement have been de-
scribed,42 suggesting that premotor changes in so-
leus H-reflex excitability and presumably other spi-
nal reflexes, reflect a change in state of the spinal
neural circuitry that occurs with a change in task.
The results of Hasbroucq et al.43 suggest that these
changes are associated with a change in motor state
of spinal neural circuitries. It was shown that increas-
ing the complexity of a choice reaction task, thereby
increasing the reaction time, did not alter the timing
of the changes in H-reflex excitability with respect to
the onset of the EMG burst in the target muscle, in
this case the flexor pollicis brevis. That is, the
changes in flexor pollicis brevis H-reflex excitability
were observed at the same time prior to EMG onset,
regardless of the time required to select the appro-
priate reaction, indicating that the reflex modula-
tion is a component of the motor command associ-
ated with movement and not part of the planning or
selection processes.

FIGURE 5. Facilitation of the soleus H-reflex prior to the onset of a voluntary reaction movement. In each panel, reflexes were evoked
with stimuli that evoked responses of 60% of their maximum value. Panel (A) represents data obtained with the soleus muscle initially
quiescent, whereas panel (B) represents data obtained with the soleus muscle tonically activated. Time, along the abscissa, represents
the time prior to the mechanical response associated with the movement. The data are the averages from one subject, and the bars
represent the 95% confidence limits. (Modified from Riedo and Rüegg,77 with permission).
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Task-dependent modulation of the soleus H-re-
flex during locomotion has received considerable
attention over the past 20 years.26 Capaday and
Stein14 described a decrease in the amplitude of the
soleus H-reflex during walking, compared to stand-
ing, and later, a further decrease in H-reflex ampli-
tude when subjects were running.15 In contrast, Si-
monsen and Dyhre-Poulsen81 concluded that there
was no task-dependent difference in the amplitude
of the soleus H-reflex between walking and running.
There are two reasons for the apparent discrepancy
in results. First, Simonsen et al.82 demonstrated that
the maximal M-wave in soleus varies systematically
across the step cycle, presumably due to the system-
atic changes in muscle geometry beneath the record-
ing electrodes. Consequently, Simonsen and Dyhre-
Poulsen81 normalized the amplitude of the H-reflex
to the amplitude of the maximal M-wave for the
same point in the step cycle. (This contrasts to the
more common technique, as utilized by Capaday
and Stein,14,15 of normalizing the amplitude to a
single measure of the maximal M-wave, usually ob-
tained during standing or sitting.) Simonsen and
Dyhre-Poulsen81 demonstrated that normalizing the
amplitude of the H-reflex to the corrected maximal
M-wave reduced some of the variation in the ampli-
tude of the H-reflex described by Capaday and
Stein.14,15 Second, Simonsen and Dyhre-Poulsen81

based their conclusions on the measure of the peak
H-reflex amplitude during the step cycle. The con-
clusions drawn by Capaday and Stein14,15 were based
on the discrepancy in the amplitudes of H-reflexes
between tasks for any given level of background
EMG in soleus. Simonsen and Dyhre-Poulsen81 did
not make this comparison. However, examination of
the data presented by Simonsen and Dyhre-
Poulsen81 suggests that, for a given level of back-
ground EMG, there is a similar discrepancy in H-
reflex amplitudes between walking and running.
More recently, Ferris et al.35 demonstrated both of
these results. That is, the peak amplitude of the
H-reflex is comparable between walking and run-
ning, but the amplitude of the H-reflex is larger
during walking, compared to running, for any given
level of background EMG. Therefore, it would ap-
pear that the controversy regarding the task-depen-
dent modulation of the soleus H-reflex during loco-
motion was largely the result of differences in
approach to the analysis of the data.

Despite this recent debate regarding the task-
dependent modulation of the H-reflex during loco-
motion, there is substantial evidence demonstrating
a gait-dependent suppression of the soleus H-reflex.
The amplitude of the soleus H-reflex is smaller dur-

ing running, compared with walking, for any given
level of background EMG.15,35 This suggests that
there is a task-dependent modulation in the level of
presynaptic inhibition of the H-reflex. It has been
suggested that the change in presynaptic inhibition
between tasks can be attributed to both changes in
the afferent feedback associated with the change in
behavior5 as well as changes in central com-
mands.15,80 Task-dependent modulation of H-
reflexes in arm muscles with cycling movements of
the arms show similar characteristics,38,91 indicating
a degree of generalizability in the regulation of H-
reflexes.

As described above, Gosgnach et al.41 recently
showed that electrical stimulation of the mesence-
phalic locomotor region to induce fictive locomo-
tion in the decerebrate cat resulted in a tonic level of
presynaptic inhibition of Ia afferents prior to the
onset of locomotion, which remained throughout
the time the cat walked fictively. The implication is
that the activation of the mesencephalic locomotor
region brings the spinal cord circuitry into a loco-
motor state, which is reflected in part by the change
in excitability of spinal reflexes. This mechanism is
probably implicated in the presynaptic inhibition of
the soleus H-reflex observed between locomotor
tasks14,15,26 and the modulation of H-reflexes that
has been observed prior to the onset of stepping61 or
walking,32,86 reflecting a change in the spinal cir-
cuitry from a resting state to a locomotor state.

Changes in excitability of the H-reflex can also
occur in the absence of any movement, whether
ongoing or impending. Mental rehearsal or simula-
tion of a motor task has been shown to produce an
increase in the amplitude of the H-reflex in the
muscles (studied in both arm and leg muscles) that
would be the prime movers for the task, indepen-
dent of changes in the background level of EMG
activity.4,40 The implication of these studies is that
imagining movement, which has been shown to in-
volve activation of supplementary motor area, pre-
motor cortex, cerebellum, and basal ganglia, results
in a change in the excitability of spinal neural struc-
tures, even if no movement is ever intended. As
described above, Baldissera et al.3 demonstrated that
simply observing the video image of a hand opening
and closing resulted in modulation of H-reflex am-
plitude in the flexor digitorum brevis. The authors
argue that this modulation of the spinal neural sys-
tems may be important to prevent the execution of
the motor task being watched by the subject. Again,
the implication is that the state of neural structures
at the spinal level is modified to ensure that the
appropriate behaviors are expressed.
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Attention may also lead to changes in state of
spinal neural structures. Honore et al.47 observed
differential regulation of the facilitation of soleus
H-reflexes produced by a mild electrical condition-
ing stimulus applied to the sural nerve depending
upon whether the subjects attention was focused on
the cutaneous field of the ipsilateral leg or contralat-
eral leg. This demonstrates that attention can also
selectively alter the excitability of spinal circuitry.

In each of the examples described above,
changes in the excitability of the H-reflex were doc-
umented and suggested changes in the state of spi-
nal neural circuitry. In some instances, the changes
in H-reflex excitability were directly related to a
change in functional requirements of the reflex arc
with a change in task. In other instances, it is unclear
whether the changes in reflex excitability reflected a
functional change in the reflex pathway or were
epiphenomena of a generalized change in spinal
excitability. Nevertheless, the above examples dem-
onstrate that the H-reflex is one tool available to
determine whether a change in the state of spinal
neural circuitry has occurred. One caveat is that the
H-reflex cannot be assumed to be able to detect all
changes in state in spinal excitability. Staines et al.83

showed that attending to the position of a passively
moving foot resulted in facilitation of tibial nerve
somatosensory evoked potentials, but no change in
soleus H-reflex amplitude, compared to unattended
movements. Presumably, the change in attention re-
sulted in a change in excitability of spinal neural
systems, as suggested by the results of Honore et al.47

However, for this particular task, the circuitry of the
simple H-reflex (that is, not conditioned by other
sources, such as sural nerve stimulation) was not
affected and therefore was incapable of indicating
any change.

Probe for Modulation of Presynaptic Inhibition of Ia

Afferents. As indicated earlier, the amplitude of
the H-reflex is subject to presynaptic inhibition. If
the assumption is accepted that the H-reflex is
largely reflective of the Ia monosynaptic reflex arc,
then the H-reflex can be used to monitor changes to
the level of presynaptic inhibition affecting the Ia
afferent terminals with monosynaptic connection to
motoneurons. Several techniques utilizing the H-
reflex have been proposed to investigate the level of
presynaptic inhibition that is present at human Ia
afferent terminals. These include (1) monitoring
H-reflex amplitude in muscles with a maintained
tonic activation level,13(2) assessing the amplitude of
heteronymous Ia monosynaptic facilitation while
maintaining a constant amplitude test H-reflex,50 or

(3) measuring the extent of H-reflex suppression
produced by vibration of the antagonist muscle at a
set latency50 or a conditioning electrical stimulation
of the antagonist motor nerve.51

Assessment of Presynapic Inhibition with Tonic
Contraction. The most common method of deter-
mining whether the H-reflex is modulated by pre-
synaptic inhibition is to record the reflexes while the
subject maintains tonic contraction of the target
muscle (see Zehr90). This method assumes that
maintaining a tonic level of activity indicates a tonic
level of membrane depolarization, when averaged
over the whole of the motoneuron pool. Thus, any
changes in H-reflex amplitude in this situation must
occur prior to the motoneuron. However, this tech-
nique has limitations that are often overlooked.
First, steady tonic activity in a muscle is a rather
artificial condition not normally seen during natural
movements. Consequently, this technique is less
than optimal if phase-dependent modulations of
presynaptic inhibition are of interest. Some authors
have attempted to use H-reflexes recorded when
background EMG levels are matched during a move-
ment, or between different movements. However,
the geometry of the muscle and the location of the
stimulating and recording electrodes may not be the
same, and these factors also affect H-reflex ampli-
tude (see Simonsen and Dyhre-Poulsen81). One way
to overcome this is to minimize changes in length of
the target muscle by bracing the necessary joints,
and then instructing the subjects to maintain a tonic
contraction of the target muscle. The shortcoming
of this compensatory method is that the movement
being studied will no longer be completely natural,
and unknown changes to the control of presynaptic
inhibition may be brought about by this novel and
artificial motor task.

Second, increasing the excitability of the mo-
toneuron pool with a tonic level of contraction will
potentially bring all motoneurons not currently fir-
ing (“subliminal fringe”) closer to threshold. Thus,
the excitatory input necessary to bring these mo-
toneurons to threshold is reduced. Consequently, in
H-reflex testing, less transmission from the Ia affer-
ents to the motoneurons is needed to activate the
motoneurons and generate a reflex in the EMG. The
implication is that by raising the excitability of the
motoneuron pool, the smallest amount of excitation
onto the motoneurons will bring them to threshold
and generate an H-reflex that is close to maximal
amplitude. Larger excitatory inputs would not be
distinguishable as the motoneurons are already max-
imally recruited by the smallest inputs. The result
would be that presynaptic inhibition of the Ia affer-
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ents could be present, but that the modulation in
transmitter release results in excitatory inputs that
are always sufficient to generate near-maximal H-
reflexes. Misiaszek and Pearson70 noted such an ef-
fect when comparing H-reflexes in the decerebrate
cat during sinusoidal stretching of the quadriceps
muscle (Fig. 6). In that study, the solution was to
lower the stimulus intensity to below threshold for
the M-wave. This was possible in the cat as the am-
plitude of the afferent volley could be recorded di-
rectly and used as an indicator of stimulus intensity.
In human studies, the M-wave is often the only bio-
logical marker of stimulus intensity available and it is
highly recommended that this marker be used to
ensure constancy of stimulus intensity (see Zehr90).
Thus, the absence of modulation of the H-reflex
when the target muscle is tonically active does not
necessarily indicate that presynaptic inhibition is not
present. However, modulation of the H-reflex in the
presence of a tonically active muscle strongly sug-
gests that presynaptic factors are involved.

Third, this technique cannot be used to assess
the level of presynaptic inhibition that is present
when there is no contraction of the target muscle.
Therefore, this technique cannot be used to assess
presynaptic inhibition in activities where the target
muscle is the antagonist in the movement. To over-
come this limitation, the modulation in amplitude of
other pathways, such as other reflexes50 or descend-
ing inputs,13 onto the target motoneuron pool can
be used to determine whether these pathways are
similarly modulated. The limitation here is that if
these other pathways are also modulated by the task
being performed, then interpretation becomes lim-
ited, particularly if the pathway and the H-reflex are
differentially modulated.

H-Reflex Techniques for Assessing Presynaptic Inhibi-
tion. Electrical stimulation of the femoral nerve at
group I strength results in a monosynaptic excitation of
the ipsilateral soleus motoneuron pool. This facilita-
tion of the soleus motoneuron pool results in facilita-
tion of the soleus H-reflex. Hultborn et al.50 used this

FIGURE 6. Large-amplitude H-reflexes do not modulate with high levels of background activity in the soleus muscle of the cat. Modulation
of the soleus H-reflex was induced by applying a sinusoidal stretch of the ipsilateral quadriceps muscle in a decerebrate cat. The ipsilateral
leg was extensively denervated and the joints securely fixed to prevent movement. (A, B) The average data for reflexes elicited with
stimulus strength sufficient to evoke a small M-wave. In (A), the soleus muscle was quiescent, whereas in (B), the soleus muscle was
tonically active, at a level of activity similar to that recorded during spontaneous locomotion on a treadmill. Under these conditions,
stretching of the quadriceps failed to induce modulation of the soleus H-reflex. However, if a smaller H-reflex was used, such that no
M-wave was evoked by the stimulus, then modulation of the H-reflex with stretching of the quadriceps was observed with the higher levels
of background activity in soleus. This is shown in (C) and (D). The implication is that the Ia afferent excitation derived from the large
H-reflex in (B) is probably modulated, similar to the other panels. However, it is probably modulated above the level minimally required
to bring the motoneurons in the subliminal fringe to threshold. The data were derived from one cat. The cycle of the sinusoidal stretch of
the quadriceps was divided into eight equispaced bins for averaging the data. EMG, electromyogram. (Modified from Misiaszek and
Pearson,70 with permission).
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facilitation from quadriceps onto soleus as a way of
assessing presynaptic inhibition induced by short vibra-
tion of tibialis anterior (Fig. 7). In order to quantify the
level of presynaptic inhibition, these authors compared
the amount of facilitation of the soleus H-reflex that
was produced by the femoral nerve stimulation when
the test soleus H-reflex was matched between condi-
tions. That is, they raised the stimulus intensity for the
soleus H-reflex so that the amplitude of reflex with

vibration of tibialis anterior (but without femoral nerve
stimulation) matched the amplitude of the H-reflex
previously observed with no prior conditioning (vibra-
tion or femoral nerve stimulation). In effect, they en-
sured that the excitability of the soleus motoneuron
pool was matched when the vibration was present and
when it was absent. Thus, any change in the amplitude
of the heteronymous facilitation was attributed to pre-
synaptic mechanisms. With this technique, the H-reflex

FIGURE 7. Variations in the facilitation of the soleus H-reflex by stimulation of Ia afferents from quadriceps can be used to estimate the
level of presynaptic inhibition of the heteronymous projections. The soleus H-reflex in this case is used to assess the amount of facilitation
that is induced by stimulation of the Ia afferents from quadriceps [compare (B), unconditioned soleus H-reflex, with (C), H-reflex with
facilitation from quadriceps Ia afferents]. Actual records of the H-reflex are shown in (B–F) and the corresponding peak-to-peak
magnitudes of the reflexes are shown as histograms (G–K). Vibration of the tibialis anterior muscle is used to induce presynaptic inhibition
onto the afferents from both the soleus and quadriceps muscles (A). This results in suppression of the soleus H-reflex (I). If the amplitude
of the soleus H-reflex during tibialis anterior vibration is then increased so as to match the unconditioned reflex (G) by increasing stimulus
intensity (J), then the excitability of the soleus motoneuron pool can be assumed to be matched. Consequently, any difference in the
amplitude of the heteronymous facilitation [compare (K) with (H)] reflects the amount of presynaptic inhibition onto the quadriceps Ia
afferents induced by the vibration. (Modified from Hultborn et al.,50 with permission).
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assists in determining the amount of presynaptic inhi-
bition that is affecting the heteronymous Ia monosyn-
aptic projection from quadriceps onto soleus motoneu-
rons.

Vibration of the tibialis anterior or electrical
stimulation of the common peroneal nerve induces
presynaptic inhibition of the soleus H-reflex path-
ways.50,74,90 In this situation, the H-reflex is used
(with maintained contraction of the soleus muscle)
to identify changes to the level of presynaptic inhi-
bition that is generated by the conditioning stimu-
lus. Thus, the H-reflex is used to monitor the extent
of presynaptic inhibition generated by this tech-
nique. Therefore, changes in the amplitude of the
H-reflex reflect a change in the level of presynaptic
inhibition generated by stimulation of the group I
afferents from tibialis anterior. One of the limita-
tions of this technique is that it is difficult to deter-
mine constancy of stimulation of Ia afferents using
vibration. Therefore, electrical stimulation of the
common peroneal nerve and monitoring the ampli-
tude of the direct motor response in tibialis anterior
are preferred.

For the two techniques described above, which
use some combination of conditioning stimulation
of the H-reflex to assess the level of presynaptic
inhibition, there are some common limitations that
need to be raised. First, any interpretation of the
results is limited to discussion of the specific path-
ways being tested. That is, the presence or absence of
presynaptic inhibition of the heteronymous mono-
synaptic projection from quadriceps to soleus (the
Hultborn technique50) indicates presynaptic inhibi-
tion of only that pathway. Extension to other path-
ways, even the quadriceps H-reflex, which utilizes the
same Ia afferents, cannot be made. It is argued that
one of the functions of presynaptic inhibition is to
selectively gate sensory inputs.78 Therefore, it must
be assumed that influences of presynaptic inhibition
at one afferent terminal branch are specific for that
terminus. Indeed, it has been shown that presynaptic
inhibition in one terminal does not affect transmis-
sion in other terminals of the same afferent in cats.19

Second, Capaday13 states, “these techniques depend
upon using a peripheral nerve as a conditioning
input with the tacit assumption that the conditioning
is itself not modulated in some way (e.g., presynap-
tically) by the motor task(s).” This is an important
point and one that cannot be easily overcome tech-
nically. Third, these techniques were developed uti-
lizing specific pathways and largely isolated to the leg
in humans. It is not yet clear whether similar tech-
niques can be extended to other pathways or to the
arm, which may limit the utility of these approaches.

Probe for Motoneuron Pool Excitability. The com-
mon argument that the H-reflex is a measure of the
excitability of the target motoneuron pool is no
longer valid (see above). Nevertheless it is possible to
use the H-reflex in a limited way to monitor mo-
toneuron pool excitability. For example, the tech-
nique of Hultborn et al.50 is a means by which the
H-reflex is utilized to ensure that the Ia monosynap-
tic facilitation from heteronymous sources is tested
against a stable level of motoneuron excitability. By
ensuring that the unfacilitated (test) H-reflex is of
constant amplitude between conditions, Hultborn et
al.50 were able to assess whether the heteronymous Ia
projections onto the same motoneurons were pre-
synaptically inhibited. Similarly, Devanne et al.28

showed that H-reflexes in extensor carpi radialis re-
mained constant in amplitude, while the motor
evoked potentials in this muscle, arising from trans-
cranial magnetic stimulation, were facilitated during
various “pointing” tasks. This helped to rule out the
possibility that the enhanced motor evoked poten-
tials were due to task-dependent differences in the
recruitment gain of the target muscle, as such a
change would result in parallel results for the H-
reflex amplitude. Thus, the H-reflex can be used to
indicate that the excitability of the motoneuron pool
is constant if the H-reflex amplitude remains con-
stant between conditions.

Probe for Adaptation in Spinal Structures in Health and

Disease. Perhaps one of the more promising uses
of the H-reflex in motor control research is as a
probe for adaptations in the function of spinal struc-
tures (1) with training, (2) following injury or dis-
ease, or (3) with therapeutic interventions. In this
usage, identifying that the manner in which the
H-reflex is regulated differs between populations
may be of importance in itself, the specific mecha-
nism being of secondary importance. Subsequently,
the mechanism of the adaptation can be elucidated.
The best example of using the H-reflex in this man-
ner is the work from Wolpaw’s group on operant
conditioning of the H-reflex. Initially, animals were
trained to either upregulate or downregulate the
amplitude of the H-reflex.87 Over time, the ampli-
tude of the H-reflex changed in the desired direc-
tion. Subsequently, the mechanisms for the adapta-
tion in reflex size were investigated and thought to
include changes: (1) in motoneuron membrane
properties, (2) at interneuronal terminals onto the
motoneurons, (3) at Ia afferent terminals, and (4) in
corticospinal tract terminals onto interneurons. Sim-
ilar “training” of the H-reflex has been described in
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humans, and presumably involves similar mecha-
nisms for mediating the changes.88,90

In a more functional context, the operant condi-
tioning paradigm of Wolpaw and the subsequent
description of the neural adaptations that account
for the effect can, in part, account for the signifi-
cantly smaller-amplitude soleus H-reflexes observed
in the members of the Royal Danish Ballet, com-
pared with other elite athletes.72 More recently, Aa-
gaard et al.1 demonstrated that H-reflexes recorded
during maximal voluntary contraction increased in
amplitude following 14 weeks of resistance training,
whereas the amplitude of the H-reflex when the
muscle was at rest was not altered by the training.
These authors argue that the adaptation in H-reflex
amplitude reflects training-induced modifications in
the excitability of the reflex arc, which may include
increased central motor drive, elevated motoneuron
excitability, or reduced presynaptic inhibition. The
implication from both of these studies is that adap-
tation in the amplitude of the H-reflex can be in-
duced by training that does not include specific
training (operant conditioning) of the H-reflex.

One of the limitations in using the H-reflex as an
indicator of adaptations in spinal neural systems with
training is that it requires that the training modify
the components of the H-reflex arc. Whereas observ-
ing a change in H-reflex amplitude with some train-
ing program indicates adaptation in the function of
a spinal reflex, no noticeable changes simply indi-
cate that no change to the excitability of this specific
arc were induced by the training. Nevertheless, this
result in itself can often be of interest, particularly if
adaptations in other pathways are noted.

There have been many studies testing the H-
reflex in various populations with neural injury and
disease. As the H-reflex can be trained, so too it can
be detrained. As a result, what is often described are
the ways in which the H-reflex in these patient pop-
ulations differs from the normal population. For
example, numerous studies report on the differen-
tial regulation of the H-reflex in comparing elderly
subjects to young adults. Changes in the level of
presynaptic inhibition,30,71 differential effects of pos-
tural constraints,2,29 and delays in premovement
modulation12,62 have been cited and the implications
with regards to deterioration in motor control dis-
cussed. The outcome of such studies is a greater
insight into possible mechanisms involved in motor
dysfunction in these populations, with then the po-
tential for better attempts at therapeutic strategies.
However, much can also be gained from the ways in
which the regulation of the H-reflex remains unaf-
fected by injury or disease. For example, the modu-

lation of the soleus H-reflex that occurs during pas-
sive pedaling in normal subjects is also present in
clinically complete spinal cord–injured subjects7

(Fig. 4B). The implication is that the neural sub-
strates involved in producing the movement-induced
modulation of the H-reflex are probably below the
level of the lesion and thus within spinal circuitry.
However, from a slightly different perspective, the
implication is that there are, contained within the
spinal circuitry below the level of the lesion, intact
and “normally” functioning circuitries that may be
involved in the control and regulation of locomotor
activities.

CONCLUSIONS

The H-reflex is a valuable tool in the pursuit of
understanding the means by which movements are
produced and controlled in humans. There remain
limited options for probing neural functioning dur-
ing human movements. The H-reflex, although re-
stricted in many respects as to the information that
can be obtained with its use, is capable of providing
much insight into the neural control of human
movements. Care in the use of the H-reflex is re-
quired to ensure that the results obtained are mean-
ingful and the conclusions drawn are valid. In many
cases, the information gained from H-reflex studies
in humans have been corroborated by evidence in
animal experiments, indicating that the H-reflex is
valid in its role. Given the strong publication record
of the H-reflex, and the creative uses of this relatively
simple test that have been developed in recent years,
it is reasonable to speculate that the H-reflex will
continue to be an extensively used tool in the field of
motor control neurophysiology for the foreseeable
future.

I thank Dr. E.P. Zehr for his invaluable comments on an earlier
draft of this manuscript. My research is supported by the Alberta
Heritage Foundation for Medical Research and the Natural Sci-
ences and Engineering Research Council (Canada).
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flexes monosynaptiques avant un mouvement volontaire.
Physiol Behav 1971;6:65–69.

26. Crenna P, Frigo C. Excitability of the soleus H-reflex arc
during walking and stepping in man. Exp Brain Res 1987;66:
49–60.

27. Crone C, Nielsen J. Spinal mechanisms in man contributing
to reciprocal inhibition during voluntary dorsiflexion of the
foot. J Physiol 1989;416:255–272.

28. Devanne H, Cohen LG, Kouchtir-Devanne N, Capaday C.
Integrated motor cortical control of task-related muscles dur-
ing pointing in humans. J Neurophysiol 2002;87:3006–3017.

29. Earles DR, Koceja DM, Shively CW. Environmental changes in
soleus H-reflex excitability in young and elderly subjects. Int
J Neurosci 2000;105:1–13.

30. Earles D, Vardaxis V, Koceja D. Regulation of motor output
between young and elderly subjects. Clin Neurophysiol 2001;
112:1273–1279.

31. Eccles JC, Schmidt RF, Willis WD. Presynaptic inhibition of
the spinal monosynaptic reflex pathway. J Physiol (Lond)
1962;161:282–297.

32. Edamura M, Yang JF, Stein RB. Factors that determine the
magnitude and time course of human H-reflexes in locomo-
tion. J Neurosci 1991;11:420–427.
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