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H-Reflex and Motor Responses to Acute Ischemia in
Apparently Healthy Individuals

Donald W. Zakutansky,* Koichi Kitano,† Janet P. Wallace,* and David M. Koceja†‡

Abstract: The authors examined the effect of acute ischemia on
peripheral nerve function in healthy subjects. It was hypothesized
that acute ischemia would interfere with the ability of sensory and
motor nerves to propagate an impulse. Twelve young, apparently
healthy adults participated in the study. Soleus H-reflex and motor
recruitment curves were determined for subjects during a control
condition, after 5 minutes of ischemia by femoral artery occlusion,
and after a 5-minute recovery. During ischemia, the stimulus inten-
sity required to evoke an H-reflex or M-wave was reduced by 18.3%
and 18.4%, respectively. Hmax/Mmax ratios were significantly re-
duced with acute ischemia (mean � standard error) 66.29% � 5.4%
and 58.81% � 6.7% for control and ischemia, respectively, owing to
a decrease in Hmax during acute ischemia with no change in Mmax.
After ischemia, the Hmax/Mmax returned to control values, as did the
M-threshold. However, although the H-threshold slightly recovered,
it failed to return to control threshold after 5 minutes of recovery.
The results suggest that acute ischemia decreases motor and H-reflex
thresholds in healthy individuals with a longer lasting effect for the
H-reflex. In addition, a decrease in Hmax/Mmax ratio was observed,
suggesting that acute ischemia has differential effects on sensory
nerve propagation and synapse transmission.
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Ischemia is a syndrome that elicits nerve dysfunction in
disease states. For instance, diabetic peripheral neuropathy is
anatomically characterized by decreased endoneurial capil-
lary density, thickened capillary basement membranes, and
thickened endothelial cells leading to significantly reduced
oxygen diffusion capacity (Malik et al., 1989). It has been
suggested that diabetic peripheral neuropathy may be caused
both from direct hyperglycemia-induced damage to the nerve

and from neuronal ischemia and hypoxemia caused indirectly
by hyperglycemia-induced decreases in neurovascular flow
(Tesfaye et al., 1994). Compelling evidence suggests the
latter is at least partially responsible for peripheral nerve
dysfunction (Malik et al., 1989; Forst et al., 1997). Acute
morphologic changes in endoneurial microvessels have been
seen in response to experimental ischemia in rats (Benstead et
al., 1990). In addition, electrophysiologic studies supporting
the hypoxemia hypothesis have been performed in rats living
in hypoxic conditions (Low et al., 1985; Hendriksen et al.,
1992). These studies reveal marked slowing of motor and
sensory nerve conduction.

Electrophysiologic studies designed to describe the role
of acute ischemia in nerve dysfunction have resulted in more
sensitive markers of ischemia-induced nerve changes than
simple nerve conduction velocities in humans (Weigl et al.,
1989). Decreases in motor and sensory thresholds have been
reported to occur rapidly, within 2 to 3 minutes, during
ischemia produced by blood pressure cuff occlusion (Weigl et
al., 1989). Such immediate decreases in both motor and
sensory thresholds would indicate an acutely sensitive re-
sponse; however, this response is limited to the axonal length,
and does not uncover any information about alterations in
synapse transmission with ischemia. In humans, H-reflex
methodology is a useful tool to examine both the motor and
sensory (Ia fibers) thresholds and changes in amplitude of the
EMG signals produced by the percutaneous stimulation of
both motor and sensory axons. Whereas the excitation of
motor axons uncover the ability of the motoneuron axon to
deliver a muscle twitch, the excitation of the Ia sensory fibers
produce a muscle twitch via a monosynaptic synapse in the
spinal cord to alpha motoneurons. The simplicity of this
system (e.g., one synapse structure) allows one to localize the
effect of ischemia to a single synapse in the human spinal
cord. Thus, the use of H-reflex methodology may help to
uncover how ischemia may produce changes in threshold
excitability and information transfer from peripheral sensory
fibers directly to the motor neurons. To date, protocols using
the H-reflex to examine ischemia have not been reported. The
purpose of this study was to examine the effects of acute
lower limb ischemia on both the motor and H-reflex
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recruitment curves of the soleus muscle in young, appar-
ently healthy individuals.

METHODS

Subjects
The experiment was conducted on 12 young, appar-

ently healthy subjects (8 men and 4 women aged 23.6 � 2.2
years; age range, 19–28 years; height, 168.5 � 6.4 cm;
weight, 76.8 � 6.7 kg). All subjects gave informed consent to
procedures as approved by the Indiana University Committee
for the Protection of Human Subjects and reported no history
of diabetes or neuromuscular deficits on a preliminary screen-
ing questionnaire. H-reflex and M-wave recruitment curves
were determined for each subject while in a prone position at
rest (control condition), after 5 minutes of occlusive isch-
emia, and 5 minutes after occlusion. Each subject was tested
for approximately 1 hour on 1 day.

General Experimental Procedure
H-Reflex Testing

The soleus H-reflex was measured in the right leg using
a bipolar surface recording electrode (Ag-AgCl) with an
intraelectrode distance of 2 cm. This electrode was placed
over the soleus muscle fibers at a point midway between the
distal fibers of the gastrocnemius and the proximal border of
the Achilles tendon. Soleus H-reflexes were elicited with a
0.80-cm-diameter stimulating electrode placed in the popli-
teal fossa of the right leg. A 4-cm-diameter carbon dispersal
pad was placed on the anterior aspect of the right knee just
above the patella. A metal reference plate was attached to the
distal fibula just above the malleolus. Measurements of max-
imal soleus H-reflex amplitude (Hmax) and motor response
(Mmax) were recorded during the H-reflex and motor response
recruitment curve for each subject under three experimental
conditions in the prone position: during the control condition,
after 5 minutes of acute ischemia, and after 5 minutes of
postischemic recovery. To develop a recruitment curve at
each time period, the current delivered to the tibial nerve was
incrementally increased from zero until a maximal M-wave
was produced. Four trials were recorded at each stimulus
intensity, with each subject receiving approximately 80 to
100 trials at each experimental condition. Threshold for the
H-reflex and M-wave was defined as 2.5% of the maximal
H-reflex or M-wave amplitude (Hilgevoord et al., 1994).
During ischemia, changes in excitability were measured by
the difference in stimulus intensity required to evoke wave
amplitudes seen at threshold during the resting period. As a
result of this procedure, a decrease in stimulus intensity
represented an increase in excitability; conversely, an in-
crease in stimulus intensity represented a decrease in excit-
ability.

Ischemia
Ischemia was induced to the right leg with a pneumatic

blood pressure thigh cuff placed proximal to the carbon
dispersal pad before any electrophysiologic testing. After the
resting H-reflex and motor response recruitment curve was
obtained, the cuff was inflated to 50 to 60 mm Hg above
resting systolic pressures and maintained for 5 minutes.
Ischemia was confirmed when tissue oxygenation, as mea-
sured by near infrared spectroscopy, fell to 0% within 3 to 4
minutes in all subjects. After the 5 minutes of ischemia, a
second recruitment curve was obtained. The cuff pressure
was immediately released on completion of the curve. Within
the first minute of recovery, the tissue oxygenation returned
to baseline. A final recruitment curve was obtained (with
deflated cuff in place) 5 minutes after release of occlusion.

Data Storage and Treatment
Electromyographic data were stored digitally using

Acqknowledge Software, with a sample rate of 2 kHz
(Biopac Systems, Goleta, CA, U.S.A.). The threshold mea-
surement of the H-reflex and motor fibers was examined by
the stimulus intensity necessary to elicit a threshold response
in each fiber. The synapse transmission was measured with
the Hmax/Mmax ratio for each experimental condition. Means
for each measurement were compared with repeated-mea-
sures analysis of variance. Significant differences were ex-
amined with a Tukey post hoc analysis. The alpha level for all
statistical tests was set at 0.05.

RESULTS
Individual traces for the M-wave and the H-reflex with

a constant stimulus intensity for the control and ischemia
conditions are shown in Fig. 1. With equal stimulus intensi-
ties, the M-wave was barely perceivable whereas there was a
large-amplitude H-reflex during the control condition. During
ischemia, the M-wave increased in amplitude, while the
H-reflex decreased in amplitude. To explore this phenomenon
in more detail, the individual recruitment curves were exam-
ined. Figure 2 depicts the recruitment curves for a typical
subject; this figure demonstrates that the recruitment curves
for both the H-reflex and the M-response were shifted to the
left, consistent with increased excitability of the sensory and
motor fibers.

Motor and H-Reflex Threshold
To examine whether the excitability of the sensory and

motor axons changed with ischemia, both motor and H-reflex
thresholds in each condition were examined. Threshold for
the H-reflex and M-wave was defined as 2.5% of the maximal
H-reflex or M-wave amplitude. Threshold measurements
were standardized to the stimulus intensity required to evoke
motor threshold in the control condition (MTc). During
control trials, the H-reflex threshold occurred at 82.6% �
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3.1% (mean � standard error) of MTc. During ischemia, the
H-reflex threshold occurred at 67.5% � 3.9% of MTc, which
significantly differed from the control value (F1,11 � 33.37, P
� 0.001). The M-wave threshold during ischemia was also
significantly reduced to 81.6% � 4.7% of MTc (F1,11 �
14.64, P � 0.003). This represented an increased excitability
of the H-reflex and motor axons as a result of ischemia. It is
important to note that during recovery from ischemia (occlu-
sion was removed), the excitability of the motor fibers was

restored to control threshold values (102.2% � 3.8%). The
excitability of the H-reflex, however, slightly recovered but
remained hyperexcitable compared with the control condition
(67.5% � 3.9% to 73.7% � 3.7%). The H-reflex threshold
after occlusion was removed was significantly greater than
during the ischemic condition; however, it was also signifi-
cantly decreased from the control condition. This change in
threshold intensity is represented in Fig. 3.

Synapse Transmission
Sensory transmission across the Ia-alpha motoneuron

synapse, as measured with the Hmax/Mmax ratio, was also
altered with ischemia. Hmax/Mmax ratios were significantly
reduced with acute ischemia (58.81 � 6.7%; F1,11 � 10.45, P
� 0.008) when compared with control values (66.29 � 5.4%)
or recovery values (66.27 � 4.9%) (Fig. 4). This reduced
ratio was due to a significant decrease in Hmax amplitude
(6.08 � 2.20 mV versus 5.18 � 2.18 mV) during acute
ischemia. There were no significant differences in the Mmax

amplitude between control (9.85 � 4.28 mV) and ischemic
(9.68 � 3.98 mV) conditions. Similar to the threshold
changes, both the Mmax amplitude (10.19 � 1.24 mV) and the
Hmax amplitude (6.35 � 0.55 mV) returned to control values
after recovery.

DISCUSSION
The results from this controlled ischemia experiment

produced two important findings: (1) acute ischemia in-
creased both motor and H-reflex excitability by decreasing
motor and H-reflex thresholds in young, healthy individuals;
and (2) this increased excitability was accompanied by a

FIGURE 1. Responses of the M-wave and the H-reflex to the
same stimulus intensity under control and ischemic conditions.
Note that during control, a large-amplitude H-reflex is evoked,
whereas during ischemia, an identical stimulus produced a
large M-wave with a smaller H-reflex, suggesting a shift in
excitability of the motor and sensory fibers.

FIGURE 2. The soleus H-reflex (triangles) and M-wave (circles)
recruitment curves during control (filled) and acute ischemic
conditions. Note the shift to the left along the abscissa (stim-
ulus intensity) for both curves

FIGURE 3. Change in threshold for the motor response (M)
and the H-reflex (H) between control and ischemic conditions.
The asterisk denotes a significant change from control (P �
0.05) during ischemia, whereas the number sign denotes a
significant change from control to recovery. Note the decrease
in M-threshold with ischemia and the decrease in H-threshold
with ischemia and recovery.
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decrease in Hmax amplitude. The increase in the excitability
of the motor and sensory axons has previously been reported
(Lin et al., 2002) and was an expected finding. However, the
finding that this increased axonal excitability was accompa-
nied by a decrease in synaptic transmission was unexpected.
This provides evidence that acute ischemia has differential
central nervous system effects: it increases axonal excitability
in both motor and sensory nerves, but reduces synaptic
transmission. Thus, we propose that two separate mecha-
nisms must regulate each of these observations. It is impor-
tant to note that this study examined acute ischemic changes
in only young, healthy subjects, and inferences made to
ischemia in disease states are, at best, made with caution
because, unlike in this study, ischemia in disease is generally
chronic and incomplete.

With respect to membrane threshold changes, Lund-
berg and Oscarsson (1953) stated that a period of anoxia
induces membrane depolarization due to inhibition of the
electrogenic Na� pump and the subsequent K� accumula-
tion. On reintroduction of oxygen, membrane hyperpolariza-
tion ensues due to reactivation of the Na� pump. The results
of the current experiment are also consistent with the findings
of Lin and colleagues (2002), who explored differences in
responses to ischemia between human sensory and motor
axons and determined sensory axons to have a greater de-
crease in threshold during ischemia. We found the stimulus
intensity required to evoke the H-reflex threshold decreased
18.3% during ischemia while the M-wave threshold was
evoked with an 18.4% reduction in stimulus intensity during
acute ischemia. However, H-wave threshold failed to return
to the control level of excitability, whereas the motor axons
were fully recovered after 5 minutes of recovery. This cor-

roborates the notion that sensory fibers are more greatly
affected by ischemia, and indicates that the sensory Ia fibers
could be more dependent on pump activity than motor axons
to maintain their resting membrane potential. This would
explain the longer recovery time required to return to control
threshold values of the H-reflex.

With respect to changes in the Hmax/Mmax ratio with
acute ischemia, it was determined that Hmax was decreased,
whereas Mmax was unaffected by ischemia. To explain this
downregulation of the Hmax/Mmax ratio, we will examine the
potential mechanisms in the reflex loop. As such, we propose
the following potential mechanisms: (1) presynaptic inhibi-
tion to the Ia terminal, (2) changes in motoneuron membrane
properties (e.g., as a result of indirect postsynaptic inhibition
from group III-IV fibers), (3) intrinsic property changes in the
Ia fiber, and (4) changes in the neuromuscular junction and
muscle properties.

With respect to presynaptic inhibition of the Ia termi-
nals, there is ample evidence to suggest that the Ia fiber does
not have a fixed and invariant effect on the motor pool, but
rather that transmission across this synapse can be altered by
the environment (Chalmers and Knutzen 2002; Edamura et
al., 1991; Koceja et al., 1993; Llewellyn et al., 1990) and by
training (for review see Koceja et al., 2004). Presynaptic
inhibition has been argued to allow for greater and lesser
amounts of neurotransmitter to be released at the Ia-motoneu-
ron synapse independent of the firing rates of the Ia fibers
(Rudomin and Schmidt 1999). Moreover, modulation in these
presynaptic interneuons has been observed before human
voluntary movements, suggesting a central role in movement
control (Hultborn et al., 1987a,b). Thus, it appears logical that
ischemia may act to influence presynaptic interneurons and
downregulate the effect of the Ia fiber onto the motor pool.
This may be viewed as a mechanism whereby the central
nervous system attempts to offset the increased excitability of
the incoming sensory fiber activity with a concomitant in-
crease in presynaptic inhibition to these fibers. This type of
central nervous system adjustment has been observed in the
reflex system in response to physical training (Hakkinen and
Komi 1983a,b) and during the early stages of motor learning
(Llewellyn et al., 1990). Because there exists an ample
number of H-reflex protocols in the literature designed to
measure presynaptic inhibition in humans (for review see
Stein, 1995), perhaps the effect of ischemia on presynaptic
interneurons will be examined in the future.

Another alternative explanation for the decreased Hmax/
Mmax ratio is that perhaps ischemia produces a hyperpolar-
ized motoneuron. For example, such an effect could be the
result of group III-IV polysynaptic inhibition to the motoneu-
rons, and the documented oligosynaptic influences on the
H-reflex (Burke et al., 1984). The net result of motoneuron
hyperpolarization would be a less excitable motor pool, and
consequently a lower Hmax/Mmax ratio with ischemia. This

FIGURE 4. The Hmax/Mmax ratio under control, ischemia, and
recovery conditions. The Hmax/Mmax ratio was significantly
reduced during ischemia (P � 0.05) compared with the con-
trol condition.
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mechanism, however, seems unlikely in the present study.
When comparing control and ischemic conditions, during
ischemia the stimulus intensity necessary to evoke the same
amplitude H-reflex was decreased. Assuming that the firing
rates of the Ia fibers were similar between control and
ischemic conditions (as a result of the 1-milisecond stimulus),
a hyperpolarized motoneuron soma and dendrites would have
resulted in greater current being necessary to elicit an H-
reflex, not less current, as we observed. Therefore, the role of
motoneuron membrane shifts with ischemia seems unlikely.

There has also been considerable interest in Ia-fiber
intrinsic properties regulating the efficiency of this synapse in
humans (Hultborn et al., 1998). Intrinsic properties refer to
the firing rate of the Ia fiber and the collective effects of this
firing rate on neurotransmitter release. Subjects in this study
were tested lying prone, with little or no background electro-
myographic activity in the soleus muscle, and no movement
of the limb. Thus, the role of spontaneous firing of Ia fibers
on the present results seems negligible. Also, the H-reflex
stimulus (1-millisecond pulse) produced a synchronous vol-
ley of Ia activity that was relatively independent of intrinsic
effects.

It is also possible that neuromuscular junction and/or
muscle membrane properties could account for changes in the
Hmax/Mmax ratio observed in this study, and these should not
be ignored. As such, potential explanations for the observed
decrease in the Hmax/Mmax ratio during ischemia could likely
be a deficiency in acetylcholine release at the neuromuscular
junction (Tombol et al., 2002) or a decrease in muscle
membrane potential (Perry et al., 1984). In rats subjected to 2
hours of ischemia, significant degradation of synaptic vesi-
cles and the presynaptic membrane was evident (Tombol et
al., 2002). Although this could occur in human models and
may explain a decrease in Hmax with ischemia, this seems
unlikely in the current study because there was no concurrent
change in Mmax. Ischemia may also produce changes in the
muscle membrane potential, accounting for changes in the
excitability of the reflex loop. A decrease in muscle mem-
brane potential with ischemia has been demonstrated in
animal studies (Perry et al., 1984). Although this may help
explain the excitability changes observed in the present study,
these changes are unlikely to cause a reduction in the Hmax/
Mmax ratio because a change in muscle membrane potential
would not have selective effects on the H-reflex and motor
response. In this study, the decrease in the Hmax/Mmax ratio
was due solely to a change in Hmax with Mmax remaining
unchanged. One possible source of Hmax amplitude decreases
with ischemia we are unable to rule out is the increased
effects of ischemia directly under the cuff. Changes in thresh-
old current and latency are reported to be more pronounced at
the site of ischemic compression (Bostock et al., 1991).
Although changes in maximal amplitudes were not reported,
we cannot dismiss the possibility.

In conclusion, it has been demonstrated that acute
ischemia of the lower limb produced a peripheral excitability
in both the H-reflex and motor axons, but that this increased
axonal excitability was accompanied by a decrease in the
efficiency of the Ia-fiber motoneuron synapse. The mecha-
nisms responsible for these dichotomous results remain to be
explored, but we propose two distinct explanations. Increased
excitability of axons is due to an inhibition of the electrogenic
Na� pump and the subsequent K� accumulation, and de-
creased synapse transmission is due to increases in presyn-
aptic inhibition of Ia-fiber terminals.
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