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Abstract

After spinal cord injury (SCI), widespread reorganization occurs within spinal reflex systems.
Regular muscle activity may influence reorganization of spinal circuitry after SCI. The purpose of
this study is to investigate the effects of long-term soleus training on H-reflex depression in
humans after SCI. Seven subjects with acute (<7 weeks) SCI (AC group) underwent testing of H-
reflex depression at several frequencies of repetitive stimulation. Eight subjects (including 3 from
AC) stimulated one soleus muscle daily, leaving the other leg as an untrained within-subject
control. Trained limb H-reflexes were assessed during year 1 (TR1) and year 2 (TR2) of training.
Untrained limbs were tested during year 2 (UN). H-reflex amplitude was lower at 1, 2 and 5 Hz
than at 0.1 or 0.2 Hz (p < 0.05). The pattern of depression differed between AC and UN (p <
0.05), but not between TR2 and UN (p > 0.05) despite significant adaptations in torque and fatigue
resistance (p < 0.05). Three subjects who began training very early after SCI retained H-reflex
post activation depression, suggesting that early intervention of daily muscular activity may be
important.

Keywords
H-reflex; Fatigue; Torque; Electrical stimulation

After spinal cord injury (SCI), extensive reorganization occurs in spinal reflex systems.
Reorganization is often measured via the Hoffman reflex (H-reflex), a monosynaptic la
afferent-mediated spinal reflex that normally exhibits frequency-dependent diminution of
amplitude (low-frequency depression) with repetitive stimulation. After SCI in rats [21] and
humans [17], H-reflexes cease to demonstrate low-frequency depression in response to
repetitive stimulation. Lost supraspinal activation and subsequent reorganization of pre-
synaptic inhibitory pathways may underlie this change and contribute to spasticity [8,21].

In spinal transected rats, normal H-reflex depression can be recovered via introduction of
passive exercise (cycling) [16]. Repeated activation of afferent pathways, particularly via
Group | and Il fibers may be critical for normalization of depression [14]. Human studies of
individuals with incomplete SCI support that H-reflex excitability [10] and depression [15]
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are modifiable by volitional/assisted exercise (treadmill training, assisted stationary cycling).
For subjects with complete SCI, the plasticity of the Hreflex in response to limb activity is
unknown. Conditioning stimuli applied to the quadriceps had a highly variable effect on
soleus H-reflex excitability in subjects with complete SCI [11]. Routine electrical
stimulation of the paralyzed feline medial gastrocnemius yielded complete conversion to
slow fibers with concurrent changes to type S motor units, supporting a periphery-to-motor
neuron retrograde reorganization [13]. Several neurotrophic factors are known to be
retrogradely transported from the periphery to the spinal cord [4]; up regulation of these
factors after exercise [6,7] suggests that muscle activity may increase the transport of these
neuromodulatory factors to the spinal cord.

We previously observed that changes in the muscle periphery covaried in time with changes
in H-reflex depression [17]. Bearing in mind recent discoveries regarding retrograde
signaling mechanisms, we hypothesized that regular muscle activity of sufficient magnitude
to arrest physiologic decline (torque, fatigue index) may be accompanied by normalization
of associated spinal circuitry, as illustrated by H-reflex depression.

The purpose of this study is to investigate whether the soleus physiologic effects of training
[19,20] are accompanied by normalization of H-reflex depression in humans with complete
SCI. We hypothesize that the trained limbs of subjects who perform 2 years of daily soleus
stimulation will demonstrate H-reflex depression during repetitive stimulation, but that their
contralateral untrained limbs will show typical post-SCI loss of depression.

Twelve adults (two females) with complete motor and sensory SCI (ASIA-A) [2]
participated in this study (Table 1). This protocol was approved by the University of lowa’s
Human Subjects Office Institutional Review Board. All subjects provided written informed
consent prior to participation. Exclusion criteria were lower motor neuron injury to the
lumbar-sacral spinal segments, musculoskeletal injury to the paralyzed limbs, and history of
fracture to the lower extremity. Two subjects (numbers 6 and 11) used anti-spasm
medication throughout the study.

Seven subjects (the “Acute” cohort) underwent H-reflex testing of one limb before 7 weeks
post-SCI elapsed. Three of these subjects (numbers 1, 5, and 6) then elected to enroll in the
electrical stimulation training arm of the study. They along with five other subjects comprise
the “Training” cohort.

Subjects in the Training group performed electrical stimulation of the right or left plantar
flexor muscles while the contralateral leg served as an untrained within-subject control. The
training protocol has been described previously [19,20]. Subjects performed four bouts of
125 isometric soleus contractions on five days per week. Computerized data logging
equipment allowed subjects to perform the majority of training at home. Throughout the
duration of the training protocol, subjects averaged 8270 soleus contractions per month.

Soleus physiologic adaptations to training were assessed on the date of H-reflex testing with
the same apparatus and stimulation parameters used for training. With one exception
(Subject 2) all Acute subjects likewise underwent one bout of repetitive soleus stimulation
after H-reflex testing, using the same protocol administered to the Training cohort. Soleus
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torque for each contraction was expressed as a percent of the torque in contraction 1
(normalized torque). Fatigue index was calculated as the quotient of the final and first torque
values, expressed as a percent. We calculated rate of torque rise and rate of torque fall
between 20% and 80% of the peak force for each contraction, then normalized each rate to
the peak torque of the corresponding contraction, as previously described [5].

The Acute cohort underwent H-reflex assessment within 7 weeks post-SCI (“AC”). The
subjects in the Training cohort had an H-reflex assessment near 7 months post-SCI (mean
time 0.62 years), at which point they had completed approximately 4 months of training
(mean 0.3 years). These data comprise the “TR1” measurement. These subjects trained for
up to three years (Table 1) and had another H-reflex assessment near the end of their
training participation (mean time 2.5 years post-SCI, 2.2 years of training). The trained and
untrained limbs were both assessed at this point, referred to as the “TR2” measurement.
Three subjects in the Training cohort were initially tested in the Acute cohort; longitudinal
data for these subjects are presented for comparison with our previous longitudinal report
[17].

The tibial nerve was stimulated in the popliteal fossa with a double-pronged surface-
stimulation electrode, placed so that the cathode was proximal to the anode. Two silver—
silver chloride electrodes recorded soleus compound muscle action potential activity. The
maximal M-wave amplitude (Mmax) was determined via single-pulse stimulation. H-
reflexes were recruited on the ascending portion of the H-reflex recruitment curve [18] until
stable H-reflexes of 20-40% of Mmax were obtained [1,17]. Peak to peak amplitude for
Mmax and H-reflexes were manually obtained (Datapac 2000, RunTechnologies, Laguna
Hills, CA) and exported to spreadsheet software.

H-reflex depression was examined within fifteen-pulse stimulus trains elicited at various
stimulation frequencies: 0.1 Hz, 0.2 Hz, 1 Hz, 2 Hz, 5 Hz, and again at 0.1 Hz. The second
0.1 Hz bout, denoted “0.1 s”, was administered to verify that H-reflexes returned to their
original amplitude after the stimulation bout, confirming that the stimulating electrode did
not move during testing. Representative examples of H-reflex responses appear in Fig. 1. No
H-reflex depression was expected to occur at the lowest frequency (0.1 Hz). In each 15-
pulse train, the first (non-depressed) H-reflex response was excluded from analysis. For each
subject, the mean amplitude of H-reflexes 2—15 at each frequency was then normalized to
the mean value of the 0.1 Hz (non-depressing) condition.

For most subjects, H-reflexes recruited at the target amplitude (20-40% of Mmax) were
preceded by an M-wave. To further inspect for stimulator probe movement, we scrutinized
the stability of the M-waves preceding the H reflexes. We obtained the mean peak to peak
amplitude of the M-waves preceding H-reflexes number 2-15 at each frequency. We
compared this value in the initial 0.1 Hz bout to the other frequencies to verify that tibial
nerve activation differences did not underlie apparent H-reflex depression at the higher
frequencies.
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Finally, mean H-reflex amplitude at the initial and at the final 0.1 Hz conditions were also
normalized to Mmax. This provides an index of the percent of the motor neuron pool that
was recruited by tibial nerve stimulation at the beginning and at the end of the session.

We used a two-way (group x frequency) analysis of variance (ANOVA) to test for
differences in H-reflex depression. We computed the coefficient of variation in H-reflex
amplitude for each subject (pulses 2-15), then used a one-way repeated measures ANOVA
to test for differences in variation between subject cohorts at each frequency condition. For
each subject group, we used one-way repeated measures ANOVA to determine whether M-
waves preceding the H-reflexes varied according to frequency. Alpha for all tests was p <
0.05. Because of limitations in statistical power, longitudinal H-reflex depression data for
the three subjects who appeared in the both the Acute and the Training cohorts will be
analyzed descriptively.

To characterize the training adaptations we analyzed torque, rate of torque rise, and rate of
torque fall for each 25th contraction in the 125-contraction bout. Each dependent variable
was analyzed with a two-way (group x contraction number) ANOVA.

Mean (SD) H-reflex amplitude for the 0.1 Hz condition was 37.58% (19.81) of MaxM. This
level of H-reflex recruitment did not differ (p > 0.05) at the second 0.1 Hz condition (0.1 s),
supporting the uniformity of test conditions at the beginning and end of the experiment. H-
reflex amplitude at 1 Hz, 2 Hz, and 5 Hz was significantly lower than at 0.1 Hz, 0.2 Hz, and
0.1s (all p<0.05) (Fig. 2), indicating that H-reflex depression occurred at the highest
frequencies. The pattern of depression differed significantly between the Acute (AC) and
Untrained (UN) cohorts (p < 0.05). Mean (SD) Hreflex amplitude (hormalized to 0.1 Hz) for
AC was 92.83% (10.72%), 39.99% (28.09%), 24.56% (17.13%), and 13.39% (7.10%) for
0.2 Hz, 1 Hz, 2 Hz, and 5 Hz respectively (Fig. 2). Comparable values for UN were 99.73%
(42.39%), 66.16% (54.27%), 71.93% (75.23%), and 60.71% (43.18%). H-reflex amplitude
for the two Training conditions (TR1 and TR2) was intermediate between AC and UN (p >
0.05) and did not differ from one another (p > 0.05). No significant differences existed
between TR2 and UN coefficients of variation, suggesting that training did not affect the
homogeneity of H-reflex responses during repetitive stimulation.

Mean (SD) normalized amplitude of M-waves preceding the H reflexes was 23.92% (20.28)
for AC, 15.64% (14.20) for TR1, and 13.57% (10.84) for TR2. M-wave amplitude did not
differ according to frequency for any of these conditions (p > 0.05); thus the H-reflex
depression observed at the higher frequencies was not due to reduced recruitment of the
tibial nerve alpha motor neuronal pool. For the UN cohort, mean (SD) normalized M-wave
amplitude was 12.62% (11.51). M-waves for 5 Hz were significantly higher than for 0.1 Hz
(p <0.05).

Soleus torque was lowest for TR1 (33.6 N m) and highest for TR2 (47.7 N m). Training led
to partial preservation of soleus torque over the 2 years studied (Fig. 3A). Training
attenuated but did not eliminate the normally occurring decline in normalized torque in
paralyzed soleus muscle.

Neurosci Lett. Author manuscript; available in PMC 2014 May 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Shields et al.

Page 5

Mean FI for the trained limbs at year 1 and year 2 was significantly higher than the
untrained limbs (p < 0.05) (Fig. 3A). While FI at year 1 was no different from Acute FI (p >
0.05), FI at year 2 was significantly lower than Acute FI (p < 0.05). Thus training attenuated
but did not eliminate the normally occurring loss of fatigue resistance in paralyzed soleus
muscle.

For normalized rate of torque rise, a significant interaction existed between contraction
number and subject group (Fig. 3B) (p < 0.05). At contraction 1, rate of rise for UN was
significantly higher than for the other cohorts (p < 0.05). By contraction 25, UN continued
to differ only from TR2. As fatigue developed during the repetitive stimulation (Fig. 3A),
contractile slowing emerged most notably in UN and TR2 (Fig. 3B). By contraction 100,
rate of rise for these groups was significantly lower than for either AC or TR1. Thus 2 years
of training had mixed results on the rate of torque rise. While trained muscles did not
demonstrate elevated rate of torque rise at the start of stimulation (unlike UN), the trained
muscles experienced fatigue-related contractile slowing during repetitive stimulation (like
UN).

Likewise, for the normalized rate of force fall, a significant interaction existed between
contraction number and subject group (Fig. 3C) (p < 0.05). At contraction 1, rate of fall for
UN was significantly higher than for the other cohorts (p < 0.05). However, by contraction
25 the rate of fall for AC exceeded the rate for TR2, and from contraction 50 onward the AC
rate also exceeded UN. Thus as was seen above for torque rise, 2 years of training also had
mixed results on the rate of torque fall. While trained muscles did not demonstrate elevated
rate of torque fall at the start of stimulation (unlike UN), the trained muscles experienced
fatigue-related contractile slowing during repetitive stimulation (like UN).

Data from the three longitudinal training subjects appear in Fig. 4. Trained limb depression
was intermediate between the Acute and Untrained conditions. No depression occurred in
the untrained limbs at 1 Hz or 2 Hz. In contrast, H-reflexes were depressed by ~50% at 1
and 2 Hz in the trained limbs at TR2.

Subjects with complete SCI demonstrated noteworthy adaptations of soleus torque, Fl, and
contractile speed after 2 years of training. Contrary to our hypothesis, these physiologic
adaptations were not conclusively associated with normalization of H-reflex depression.
Though trained limb depression values were intermediate between Acute and Untrained
values, between-limb differences did not reach statistical significance. However, three
subjects who began training very early after SCI demonstrated partial reversal of depression
loss at the 2nd year of measurement. More work is required to determine whether muscle
stimulation exerts a normalizing influence on spinal circuitry.

In a subject we previously followed longitudinally over 44 weeks, strong negative
correlations existed between fatigue resistance and H-reflex depression [17]. Given recent
findings regarding the retrograde transport of neurotrophic factors from exercising muscle
[6,7], we hypothesized that reversal of physiologic decline may be accompanied by
restoration of H-reflex depression. This hypothesis was supported for the subjects in the
longitudinal sub-cohort who began training very quickly post-injury (Fig. 4). However,

Neurosci Lett. Author manuscript; available in PMC 2014 May 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Shields et al.

Page 6

restoration of H-reflex depression was equivocal in the remainder of the Training cohort.
The apparent dissociation of physiologic and reflex parameters in this cohort may suggest
that electrical stimulation is inferior to other modes of exercise (e.g. cycling) as a
neuromodulatory influence. Alternatively, between-limb differences in H-reflex depression
could have been undermined if cross-education existed between the trained and untrained
limbs. However, cross-education of H-reflexes was not observed in a previous unilateral
plantar flexion training protocol [12] and is likely to depend heavily on supra-spinal
mechanisms [3].

Short-term changes in H-reflex depression have been observed in humans with incomplete
SCI who performed a single bout of voluntary-assisted cycling [15]. Two case reports
suggest that passive cycling [9] and treadmill walking [22] tend to foster a return of H-reflex
depression in individuals with incomplete SCI. The present study is the first to explore the
effects of training on H-reflex depression in individuals with complete SCI, and it is the first
to examine a mode of exercise that does not involve rhythmic cyclical activity (cycling,
locomotion). Because animal models suggest that activity in proprioceptive pathways may
be a key trigger for H-reflex normalization [14], isometric muscle stimulation might seem
less than ideal. Thus, the degree of normalization of H-reflex depression observed with the
current isometric training protocol is a novel finding. Perhaps routine muscle activation in
the absence of joint movement offers an alternative mode of afferent input to trigger
normalization of the H-reflex after SCI. Conversely, perhaps the routine muscle contractions
triggered retrograde axonal signaling mechanisms (e.g. brain-derived neurotrophic factor,
neurotrophin-3) [7] that fostered spinal plasticity. The close association between spasticity
and the loss of post activation depression underscores the importance of interventions that
affect this pathway [8]. Although the mechanism is not clear, these findings suggest that
neural plasticity of the spinal cord, at least with respect to this pathway, is modulated by
chronic repetitive isometric muscle training in humans with SCI.

Physiologic adaptations after 2 years of training were associated with partial normalization
of H-reflex depression. Results from three subjects who began training very early after SCI
suggest that timing of training may be important. More work is required to determine
whether muscle stimulation exerts a normalizing influence on spinal circuitry after SCI.
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SCI spinal cord injury
AC acute

UN untrained

TR1 training year 1
TR2 training year 2.
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Fig. 1.
Representative example of H-reflex suppression in a single subject (Subject 6, Table 1) at

AC, TR2 and UN. Data are from the initial (non-depressed) and subsequent (depressed) H-
reflex response in a 1 Hz stimulation train.
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Fig. 2.
H-reflex suppression for four subject cohorts at several stimulation frequencies. Values are

mean (SE) of pulses 2-15 at each frequency, normalized to the mean of the 0.1 Hz (non-
suppressing) condition. Among the subject cohorts, the pattern of suppression for the Acute
group differed significantly from the Untrained group (p < 0.05). Overall suppression at 1
Hz, 2 Hz and 5 Hz was significantly lower than 0.1 Hz, 0.2 Hz, and 0.1 s (p < 0.05).
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Training effects for soleus physiology parameters. Values are mean (SE). FI = fatigue index.
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the Trained: year 2 group (p < 0.05).
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Fig. 4.
H-reflex suppression for subjects followed longitudinally through the Acute and Training

cohorts. Mean (SE) H-reflex amplitude for pulses 2-15 at each frequency, normalized to the
mean of the 0.1 Hz (non-suppressing) condition.
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