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Abstract

The amplitude of the H-reflex during the development and progression of fatigue reflects a
complex interplay between central and peripheral factors. The purpose of this study is to
characterize H-reflex homosynaptic post-activation depression (PAD) in an online fashion during a
sustained submaximal fatigue task. The task required a high motor output in order to increase the
likelihood of creating partial muscle ischemia with accumulation of fatigue metabolites, an
important potential inhibitory influence upon the H-reflex during the progression of fatigue.
Eleven subjects without neurologic impairment maintained volitional, isometric plantar flexion at
60% of maximal voluntary contraction until exhaustion. A paired-pulse stimulus (2 Hz) was
delivered to the tibial nerve to elicit paired H-reflexes before, during, and after the fatigue
protocol. The normalized amplitude of the second H-reflex (depression ratio) served as an estimate
of PAD. Depression ratio increased during the first half of the fatigue protocol (£ < 0.001),
indicating a diminution of PAD, and then returned as exhaustion approached. The biphasic
behavior of homosynaptic H-reflex depression during fatigue to exhaustion suggests a role for
metabolic mediators of post-activation depression during fatigue.
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1| INTRODUCTION

During motor tasks, the amplitude of the Hoffmann reflex (H-reflex) reveals a complex
interplay between depressive and facilitatory influences upon spinal neural circuitry. The H-
reflex therefore serves as a useful probe into a number of afferent and efferent processes that
help mediate motor output. In pathologies such as spinal cord injury (SCI), changes in H-
reflex behavior signify reorganization of spinal circuitry! and may be germane to clinical
syndromes such as spasticity.2 The normalization of H-reflex behavior to a pre-SCI pattern
is a potential target for post-SCI rehabilitation interventions.3# Understanding the conditions
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that modulate H-reflex excitability in neurologically intact humans is an important
foundation for the development of therapies for patients with neurologic pathology.

Descending afferent drive strongly influences H-reflex excitability in humans without
neurologic impairment. H-reflex amplitude increases in conjunction with voluntary muscular
contraction, then plateaus or declines at activation levels exceeding ~30% to 60% of
maximum voluntary contraction (MVC).>8 With tasks that elicit fatigue, the amplitude of
the H-reflex has been observed to remain constant’:8 or to increase® for protocols that use
intermittent contractions. Among other potential mediating factors, this likely reflects a net
enhancement of excitatory drive to the alpha motoneuronal pool during the progression of
fatigue.10 On the other hand, H-reflex amplitude has been observed to decrease during tasks
that involve sustained submaximal contraction’:11 or maximal contraction punctuated by
very brief pauses.1? A key physiologic difference between intermittent and steady
contraction protocols is that sustained contractions of >25% MVC may yield ischemic
conditions within the muscle that prevent the removal of fatigue metabolites.13 Rising
metabolite levels trigger activation of Group 1l and IV afferents, which in turn exert an
inhibitory effect upon the H-reflex.14 Studies that maintained ischemia after fatigue lent
additional support for the role of muscle metabolites in the diminution of the H-reflex during
fatigue.1> More recently, spectrographic studies more directly illustrated the key role played
by metabolite accumulation during fatigue, suggesting that this factor also may influence the
H-reflex.16:17 The behavior of the H-reflex during fatigue may therefore be conceptualized
as an interplay between competing central and peripheral mechanisms whose net excitatory
and inhibitory influences are strongly linked to task conditions.

H-reflex amplitude is modifiable by preceding homosynaptic and heterosynaptic influences.8
Thus, a more complete understanding of the H-reflex response to fatigue can be gained by
examining of the effects of conditioning stimuli that modify the amplitude of subsequent H-
reflex responses. With repetitive stimulation of a muscle such as the soleus, H-reflex
depression is attributed to homosynaptic depression at the pre-synaptic terminal of the la
afferent fiber.18:19 Changes in H-reflex depression after fatigue would indicate whether
homosynaptic post-activation depression (PAD) is responsive to the many central and
peripheral physiologic alterations that occur during fatigue. Moreover, alterations of PAD
are a key adaptation to neurologic insult in humans2-20 and can be altered via long-term
training with fatigue-inducing contractions.* Examination of PAD has therefore become a
key tool for understanding the integration of excitatory and inhibitory central and peripheral
processes that regulate muscle output during fatiguing contractions, with direct applicability
to the understanding of adaptations to neurologic injury and disease.

Traditionally, PAD has been examined by measuring the H-reflex response to a train of ~10
stimuli, a time-consuming process that is disadvantageous for fatigue protocols that require
rapid assessment of sensorimotor conditions. We recently demonstrated the reliability of
evoking H-reflexes via paired-pulse (doublet) stimulation, showing that PAD exhibited by
the second H-reflex response (H2) is consistent with PAD demonstrated by the average of all
subsequent pulses.2! This more rapid, less-cumbersome approach could be especially useful
for fatigue protocols that employ a constant, sustained contraction, and aim to characterize
PAD in real-time during the progression of fatigue. Several previous reports elicited fatigue
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via a sustained contraction and evoked H-reflexes in an online fashion, rather than after
cessation of the fatiguing contraction.”-10:2223 However, none of these reports examined
homosynaptic post-activation depression. Other reports which elicited fatigue via a sustained
contraction neither included online characterization of H-reflexes nor examined
homosynaptic PAD.24 We are not aware of previous studies that examined the real-time
effects of sustained, sub-maximal, fatiguing contractions on PAD. Some insights may be
gained by fatigue studies that employed intermittent contractions and very brief pauses. Two
such studies indicated that PAD may be expected to decline during the development of
fatigue.12:25 However, the introduction of brief pauses into a strong contraction could allow
for resolution of ischemia and removal of fatigue metabolites, making the role of Group
I11/1V afferent input uncertain.

The purpose of this study is to characterize H-reflex homosynaptic PAD in an online fashion
during a sustained sub-maximal fatigue task. The task required a high motor output (60%
MVC) in order to increase the likelihood of creating partial muscle ischemial3 and limit the
removal of fatigue metabolites. Based on previous evidence for the inhibitory effect of
Group I1/1V afferent activation,14 we expected that the magnitude of the un-conditioned H-
reflex would decline during the progression of fatigue. And based on the available evidence
from fatigue studies that employed strong, intermittent contractions,12:25 we expected to
observe a diminution of PAD during the development of fatigue.

2| METHODS

2.1| Subjects

Eleven healthy adults (eight men, three women; height = 181.3 + 7.6 cm; weight = 76.7 £
10.9 kg; age = 25.2 + 3.7 years) volunteered to participate in the study. The subjects were
free from any orthopedic, neuromuscular, and medical problems. Subjects signed an
informed consent document approved by The University of lowa Human Subjects
Institutional Review Board.

2.2| Mechanical recordings

Subjects sat on a KinCom isokinetic dynamometer (Kin-Com 125 E Plus; Chattecx
Corporation). The left hip was flexed to 125°, the knee was flexed to 90°, and the leg was
blocked with bolsters to prevent hip rotation. The ankle was placed in neutral position. The
center of the ankle joint was aligned with the axis of rotation of the KinCom footplate. The
foot was secured to the footplate by hook-and-loop straps, and the subject’s trunk was
secured to the table with a belt.

2.3| Electrical recordings

Soleus M-waves and H-reflexes were elicited by transcutaneous electrical stimulation of the
tibial nerve in the popliteal fossa. The tibial nerve was stimulated with a square pulse of
1000 ps delivered by a constant current stimulator (Digitimer model DS7A). The stimulator
output was triggered by a digital pulse from a computer controlled by a custom program.
The double-pronged surface stimulating electrode was positioned in the popliteal fossa with
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the cathode proximal to the anode. The electrode was then secured to the knee with a plastic
splint and straps.

The skin over the soleus was abraded and cleaned with rubbing alcohol. A bipolar silver-
silver chloride surface electrode (1-cm diameter, fixed 2 cm inter-electrode distance) was
placed over the soleus muscle at the mid-dorsal line, distal to the insertion of the
gastrocnemius on the Achilles tendon. A reference electrode was positioned on the anterior
surface of the distal tibia. All the electrodes were secured with an elastic bandage.

EMG signals were pre-amplified on-site by a factor of 35 before being differentially
amplified. The differential amplifier had an input impedance of 15MQ at 100 Hz, a
frequency response of 15-1000 Hz, a common mode rejection ratio of 87 dB at 60 Hz, and
gain of 500-10 K times. EMG signals were monitored on an oscilloscope throughout the
experiment.

Experimental protocol

Three 2-3 seconds plantar flexion maximum voluntary contractions (MVCs) were obtained.
60-90 seconds of rest separated each attempt, and strong verbal encouragement was given.
The greatest force from the three trials was taken as the MVC and used to calculate the
target force for the fatigue protocol (60% of MVC).

Two maximum M-waves (Mmax) were obtained via supramaximal electrical stimulation.
The stimulus intensity was reduced until H-reflexes could be elicited at the target amplitude
(15%-20% Mmax) on the ascending limb of the H-reflex recruitment curve. Paired pulses
(doublets) separated by 500 ms (2 Hz) were delivered every 15 seconds to elicit paired H-
reflexes (H1 and H2). Two Hz stimulation has been shown to elicit homosynaptic depression
of the H-reflex in healthy participants.® An interval greater than 8 seconds between doublets
is recommended to avoid the inhibitory effect of PAD upon subsequent H1 responses.2® Ten
paired H-reflexes were measured prior to the fatigue protocol (2.25 minutes). These H-
reflexes were normalized to Mmax.

The fatigue protocol consisted of isometric contraction of the left plantar flexors at 60%
MVC. Subjects received visual feedback of the plantar flexor force and the target force via
an oscilloscope. Subjects were required to hold the target force until exhaustion. Time of
exhaustion was noted when the subjects failed to match the target force on more than three
attempts even after strong verbal encouragement. The time for torque decline below 60%
MVC showed considerable individual variation (range = 5-12 minutes).

Maximum M-waves and paired H-reflexes were elicited at 15-second intervals during the
fatigue protocol. The stimulator output was adjusted as needed to ensure uniform size of the
small m-waves preceding the H-reflexes. Each H-reflex was normalized to its immediately
preceding Mmax: This served to mitigate possible H-reflex fluctuation due to mechanical
factors (eg, degree of muscle shortening of the portion of the muscle underlying the EMG
electrode).2”28 Immediately after the subjects reached exhaustion, Mmax and five more
paired H-reflexes were elicited at 15-second intervals (1.25 minutes post-fatigue).
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Data analysis

The peak-to-peak amplitudes of all H-reflexes and M-waves were determined in an
automated fashion according to their latencies. H-reflex pairs were rejected from analysis if
H1 was not elicited at the target amplitude (15%-20% Mmax). The fatigue period was
divided into three phases: start of fatigue (F1), mid-fatigue (F2), and late-fatigue (F3). F1
was obtained from the H-reflex pair elicited closest to 25% of each subject’s total fatigue
time. F2 and F3 were similarly obtained at 50% and at 75% of fatigue time, respectively. We
opted to sample just one H1/H2 pair at F1, F2, and at F3 because our priority was to
estimate the instantaneous state of PAD at these time points. The opposite approach, creating
a mean H1/H2 ratio for multiple doublets surrounding each time point, would have yielded a
smoothed estimate of PAD that negated potential sources of instantaneous fluctuation (head
movement, etc).

H-reflex depression was analyzed before (PRE), during (F1, F2, F3), and immediately after
(POST) the fatigue protocol. The H-reflex depression ratio was calculated as the normalized
amplitude of H2 divided by the normalized amplitude of H1 for each doublet pair.

The amplitudes of H1 and of the small M-waves accompanying H1 and H2 were analyzed to
verify stimulus consistency. Normalized H1 amplitude provides an indicator of the
percentage of the soleus motor neuron pool that was recruited during the experiment.

Statistical analysis

Data are reported as mean (xSD) within the text and as mean (£SE) in the figures to enhance
visual clarity. A one-way repeated measures analysis of variance (ANOVA) was used to
analyze changes across time (PRE, F1, F2, F3, and POST) for each of the five dependent
variables: H1, H2, H-reflex depression ratio, Mmax, and the small m-waves accompanying
the H-reflexes. Each of these five ANOVAs passed the assumption of equal variance (all P>
0.193), supporting that sources of error remained consistent across the five time points
(PRE, F1, F2, F3, and POST). Pairwise comparisons (Tukey) were carried out as indicated.
Significance for all tests was set at £< 0.05.

RESULTS

A representative example of paired reflexes recorded before, during, and after the fatigue
protocol for a single subject appears in Figure 1. Figure 2 depicts a second representative
example of the entire experiment showing the force, EMG, and H-reflexes recorded during
the fatigue protocol.

Figure 3 depicts H-reflex responses before, during, and after the fatigue protocol. H1
amplitude was 15.9(9.0) %Mmax pre-fatigue and 15.3(9.4) %Mmax post-fatigue, compared
to 11.3(8.8), 12.8(9.7), and 12.6(9.8) %Mmax at F1, F2, and F3, respectively (Figure 3A).
Despite this trend toward reduced H-reflex excitability during the fatiguing contraction, H1
amplitude did not vary significantly as a function of time (A4,10) = 2.03, £=0.109). In
contrast, H2 amplitude showed a significant effect of time over the course of the experiment
(H4,10) = 3.86, A= 0.01). H2 amplitude was 6.2 (3.9) %Mmax pre-fatigue, rose to 11.3
(8.7), 12.7 (10.5), and 10.2 (10.5) %Mmax at F1, F2, and F3, and then declined to 7.6 (6.4)
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%Mmax at the cessation of contraction (Figure 3B). A significant pairwise difference
existed between F2 and PRE (P=0.013).

The trend toward reduced H1 and the significant enhancement of H2 during the fatiguing
contraction combined to create a significant change in the depression ratio over time
(A4,10) = 12.78, P<0.001). A pre-fatigue depression ratio of 39.9 (18.0)% was followed by
relative facilitation of H2 compared to H1 at the first two fatigue intervals (108.1 (34.0)%
and 107.7 (54.6)% for F1 and F2, respectively) (Figure 3C). The depression ratio at F3
declined to 76.6 (41.1)%, followed by a further decline to 45.8 (20.3)% post-fatigue.
Significant pairwise differences existed between F1 and the PRE- and POST-fatigue
conditions (both A< 0.001). Likewise, significant differences existed between F2 and the
PRE and POST conditions (both £< 0.001).

3.1| Stimulation consistency

A significant effect of time emerged for Mmax amplitude (A4,10) = 3.08, A= 0.027).
However, no significant pairwise differences in Mmax amplitude existed among the
experimental time points (all 2> 0.054) (Figure 4A). The amplitude of the small m-waves
accompanying the H-reflexes did not differ at any time point (A44,10) = 0.079, A= 0.99)
(Figure 4B).

4| DISCUSSION

The purpose of this study was to characterize H-reflex homosynaptic PAD in an online
fashion during a sustained sub-maximal fatigue task. Our results indicate that conditioned H-
reflex (H2) amplitude increased during fatigue and then declined near the point of
exhaustion. Thus during sustained submaximal contraction, PAD demonstrated a biphasic
relationship; first decreasing (higher depression ratio) and then normalizing as exhaustion
approached.

4.1| H-reflex excitability and potential metabolic factors

In the present study, we maintained doublet m-wave amplitude at a consistent level,
supporting that the initial stimulation volley recruited a uniform population of soleus motor
neurons throughout the experiment. Despite this stimulus consistency, we observed a trend
toward reduction of H1 amplitude within the first 25% of the fatigue time, indicating a
partial reduction in H-reflex excitability that did not reach statistical significance. H1
amplitude did not change further as exhaustion approached nor did it differ significantly in
the rest phase after cessation of contraction (POST). Previous studies that elicited H-reflexes
during sustained, fatiguing contractions revealed the importance of contraction intensity in
the determination of H-reflex excitability. Low contraction levels (~20% to 30% MVC) led
to an increase in H-reflex amplitude,22 in some cases followed by a plateau at about 40% of
the total fatigue time.19 Another study observed a progressive decline in H-reflex amplitude
during fatigue for both a low (25% MVC) and a higher (50% MVC) level of contraction.’
These authors highlighted the probable role of fatigue metabolites in reducing H-reflex
amplitude during sustained contractions, which begs the question of whether 25% MVC and
50% MV C sustained contractions may be sufficient to yield partial muscle ischemia. In the
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quadriceps muscle, arterial blood flow at 25% and 50% MVC was lower than at <15%
MVC.13 Likewise, blood lactate and plasma K+ concentrations were substantially higher at
25% and 50% MV C, supporting that sustained submaximal contractions of this intensity led
to the accumulation of fatigue metabolites. It is likely, therefore, that in the sustained 60%
MV C fatigue protocol used in the present study, Group I11/1V afferent fiber activation
exerted an inhibitory influence on H-reflex excitability as fatigue progressed.14 Recent
studies that measured muscle metabolism via biopsy and magnetic resonance spectroscopy
likewise support a role for metabolite accumulation during fatigue.16:17 The central
processes that integrate Group 11/1V afferent input to prevent excessive exercise-induced
intramuscular metabolic derangement are currently under investigation.2

Biphasic post-activation depression

To examine homosynaptic PAD, we capitalized on a doublet stimulation protocol® instead
of a more traditional 10-pulse protocol.2> This approach enabled us to reliably assess PAD
with the fewest pulses possible, reducing an important source of discomfort, distraction, and
force variability as the subjects attempted to maintain a relatively strong contraction (60%
MVC). During the sustained contraction, we observed an enhancement of H2 that reached
statistical significance at the midpoint of the fatigue task (F2). Expressing H2 relative to H1
(depression ratio) facilitated interpretation of H2 amplitude in the context of overall
excitability of the H-reflex pathway. Depression ratio was significantly elevated early and
midway during the fatigue protocol (F1 and F2), indicating a relative dis-inhibition of H2 (a
reduction of PAD). Depression ratio values >100% indicated that H2 actually exceeded H1
amplitude: Inspection of the data revealed that this was the case for 9 of the 11 subjects. This
reduction of PAD waned by 75% of fatigue time (F3), revealing a biphasic behavior of PAD
as exhaustion approached.

Stein and coauthors highlighted the important differences in PAD that occur between rest
and voluntary contraction, concluding that “Measurements at rest do not accurately represent
the H-reflex during motor tasks”.® In their work and in other reports, maintenance of a
voluntary contraction yields a reduction in PAD and a concomitant increase in conditioned
H-reflex amplitude,®2%:31.32 similar to what we observed at F1 and F2. None of these reports
examined fatigue to exhaustion. Of the several previous Groups who have assessed H-
reflexes in an online fashion during fatiguing contractions, rather than in an intermittent rest
cycle,’10.2223 none examined homosynaptic PAD. Two studies examined post-fatigue PAD
afteran intermittent MV C protocol, with the subjects maintaining a low-level contraction
(20%-30% MV/C) for acquisition of conditioned H-reflexes.®2> These studies offered the
best prediction of the behavior of PAD that might be expected in the present study. Similar
to our findings, Takahashi and coauthors reported a significant reduction in homosynaptic
PAD in fatigued muscle.25 Our study extends these findings to reveal an apparent restoration
of PAD as exhaustion approaches.

The results of the present study underscore the principle that H-reflex amplitude reflects a
complex interplay between central factors, peripheral factors, and task demands. Initially,
maintenance of muscle contraction triggers a decline in PAD,8:9.25.31.32 pyt this process
appears to be sensitive to physiologic changes that occur as fatigue intensifies. Given the
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probable ischemic conditions created by the 60% MVC used in the present study, we believe
itis likely that Group I11/1V afferent inhibition plays a role in the biphasic behavior of PAD
as exhaustion approaches. The manifestation of afferent inhibition is likely to be related to
muscle training status, as physical activity yields enhancements in cellular ion buffering
capacity and capillary clearance of metabolites.33 The wide range of task failure times
observed in the present study (5-12 minutes) suggests that participant training status may
have played a role in the changes in PAD observed during fatigue. The interplay between
such peripheral influences and fluctuations in central drive34 are an important area for future
investigation.

PERSPECTIVE

H-reflex homosynaptic post-activation depression decreased during the first half of a
submaximal fatigue protocol and then returned as exhaustion approached. The fatigue task
likely fostered conditions of partial muscle ischemia and accumulation of fatigue
metabolites, supporting a role for Group H1/1V afferent activation in the biphasic behavior of
PAD.
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FIGURE 1.
Representative example of H-reflex depression before, during, and after fatigue. Note the

consistency of the small m-wave associated with the H-reflex for both H1 and H2 in all
conditions
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FIGURE 2.
Force, EMG, and H-reflexes measured during the fatigue task. Note that there is more

fluctuation in force toward the end of the fatigue task, when peak-to-peak EMG is maximal
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H-reflex amplitude before, during (F1, F2, and F3), and after the fatigue task. *Significantly
different from PRE (P < 0.05). #Significantly different from POST (P < 0.05)

Scand J Med Sci Sports. Author manuscript; available in PMC 2020 November 30.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Ozaetal.

Max M

3.0 1(A)
>
o 297
©
2
cEL 2.0 -
©
=
= 154
©
=
i 1.0 -
22
@
s 0.5
=

0.0

PRE F3 POST

Doublet M-waves
61()

i

PRE F3 POST

Mean (SE) Normalized M's (% MaxM)
w

FIGURE 4.
Stimulus consistency before, during (F1, F2, and F3), and after the fatigue task

Scand J Med Sci Sports. Author manuscript; available in PMC 2020 November 30.

Page 14



	Abstract
	INTRODUCTION
	METHODS
	Subjects
	Mechanical recordings
	Electrical recordings
	Experimental protocol
	Data analysis
	Statistical analysis
	RESULTS
	Stimulation consistency

	DISCUSSION
	H-reflex excitability and potential metabolic factors
	Biphasic post-activation depression

	PERSPECTIVE
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4

