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Abstract

In non-disabled (ND) individuals, reflexes are modulated by influences related to physiologic state
(e.g., posture, joint position, load) and activation history. Repeated activation of the H-reflex results
in post-activation depression (PAD) of the response amplitude. The modulation associated with
physiologic state and activation history is suppressed or abolished in individuals with spinal cord
injury (SCI). While posture is known to affect H-reflex amplitude and PAD in non-disabled
individuals, the effect of posture on PAD in SCI individuals is not known. Further, while the amount
of PAD is also known to be influenced by the stimulus rate and by the amplitude of the evoked reflex,
the interaction of posture with stimulus parameters has not been previously investigated in either
group. We investigated differences in PAD of the soleus H-reflex between SCI subjects and ND
subjects during sitting versus supported standing. Subjects were tested using paired conditioning-
test stimulus pulses of 2.5 sec and 5 sec interpulse intervals (1SI) and with stimulus intensity adjusted
to evoke reflex responses of 20% and 40% of the maximum motor response. We found standing
posture to be associated with significantly less PAD in SCI subjects compared to ND subjects. In
both groups, shorter I1SIs and smaller reflex amplitudes were associated with greater PAD of the H-
reflex. These results indicate that postural influences on post-activation modulation, while present,
are impaired in individuals with chronic incomplete SCI.
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Appropriate modulation of spinal reflex activity contributes to the production of purposeful
movement. The soleus H-reflex is influenced by supraspinal, homonymous, and heteronymous
modulation, as well as intrinsic motoneuronal properties (see Misiaszek [1]). Accordingly, this
reflex is influenced by the state of the physiologic system, with facilitation or inhibition induced
by factors such as joint position [2], muscle activity [3;4], limb load [5;6], and phase of
movement [7;8]. The H-reflex is also modulated by posture, wherein standing posture is
associated with depressed H-reflex amplitudes relative to sitting [9-12].

Factors such as activation history and stimulus amplitude also influence H-reflex amplitude.
Prior activation of the H-reflex in seated non-disabled (ND) subjects is associated with post-
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activation depression (PAD) of reflex amplitude in a rate-dependent manner. Shorter
interstimulus intervals (1SIs) produce greater depression of reflex amplitude, with depression
persisting for up to 8 sec [13;14]. In addition to activation history, stimulus amplitude (i.e.,
size of the test reflex) can influence the degree of post-activation depression, with smaller H-
reflexes (i.e., lower stimulus intensities) being more sensitive to depression [15;16].

Functionally, PAD is thought to be important to prevent reactivation of the stretch reflex under
dynamic conditions wherein a muscle is subjected to repeated stretch, (e.g., as is the soleus in
the terminal stance phase of walking. [17;18]. In ND individuals, posture influences PAD of
the soleus H-reflex, with greater depression during standing compared to sitting [19;20]. There
are also interactions among the influences of posture and activation history; the H-reflex is less
sensitive to high-frequency depression (ISIs of up to 400 ms; 10Hz) in standing compared to
seated or prone position [21].

Mechanisms underlying reflex modulation associated with PAD appear to be defective in
individuals with spinal cord injury (SCI) or stroke [22-25]. In these individuals, the loss of
PAD of the la circuit is thought to permit cyclic reactivation of the stretch reflex, manifesting
clinically as clonus [26;27]. Clonic muscle activity contributes to the spastic gait patterns
observed in SCI individuals, and thereby impedes function. The purpose of this study was to
assess differences in responses to postural condition, activation history and reflex size as they
relate to the modulation of H-reflex amplitude in individuals with motor-incomplete SCI (iSCI)
and ND subjects.

Experiments were conducted on 5 individuals with iSCI (aged 19-63 years, mean+SD: 37+12.5
years) and 7 neurologically healthy volunteers (aged 22-54 years, mean+SD: 32+9.3 years).
All'iSCI subjects had chronic injury (>1year) due to trauma, and were classified as ASIA C
[28] (some movement distal to injury level, but majority of muscles unable to move joint
through full range of movement against gravity). All subjects gave written informed consent
to participate in this study, which was approved by the University of Miami Institutional
Review Board. See Table for iSCI subject demographics.

To assess effects of posture, subjects were tested using paired-pulse stimulation to the posterior
tibial nerve (PTN) under each of two conditions: sitting (SIT) and supported standing (SS). In
the SIT condition, subjects sat on a padded seat with the kneg, ankle, and hip joints at 90 degrees
of flexion, and the trunk supported by a backrest. In the SS condition, subjects stood in a
standing frame (Easy Stand 5000, Altimate Medical, Inc., Morton, MN) that provided support
from the ischial tuberosity to just above the occiput. We selected the supported standing
condition as iSCI subjects are unable to stand without support for prolonged periods. Further,
it allowed us to eliminate postural perturbations associated with soleus activation [29], as
postural instability is associated with decreased H-reflex amplitude [29;30]. Lower extremity
load in SS condition was within 5% of the load measured in unsupported standing. While in
the standing frame, subjects were instructed to stand quietly and remain still. To assess effects
of activation history, subjects were tested under each of two ISI conditions: 2.5 sec and 5 sec.
These frequencies were selected based on pilot testing wherein ISls of < 2 sec evoked excessive
clonus in the SS condition in iSCI subjects, and those >5 sec were associated with negligible
H-reflex depression. To assess effects of reflex size, stimulus intensity was adjusted to elicit
an H-reflex with each of two amplitudes: 20% and 40% of M. T ensure reflex amplitude
was a true reflection of motoneuron recruitment level, we analyzed only subjects from whom
both small (20 + 5% Mpax) and large (40 + 5% Mp,ax) H-reflexes could be evoked without an
accompanying M-wave. ISI and reflex size conditions were presented in random order with
an average of 12 (£3) trials for each combination of conditions. All EMG responses were
recorded from the more affected (i.e., weaker) lower. The H-reflex was obtained by stimulating
the posterior tibial nerve (PTN) with a cathode in the popliteal fossa in the location required
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the lowest stimulus intensity. The anode was placed at the medial patella. The recording
electrodes were placed over the soleus muscle just distal to the belly of the medial
gastrocnemius muscle and medial to the Achilles tendon (interelectrode distance = 3mm).
Stimulus intensity was incrementally increased to obtain an H-reflex recruitment curve, and
further increased to evoke a maximum motor response (Mpax). A 10 second delay was imposed
between the test stimulus of one pair and conditioning stimulus of the subsequent pair [13].
The EMG signal was amplified, band pass-filtered, and sampled at 2 kHz (Signal 2, version 4,
Cambridge Electronic Design, UK). Data were recorded and analyzed offline using Signal 2,
version 4 (Cambridge Electronic Design, UK).

Statistical analysis included two-way factorial analysis of variance with within-subject
repeated measures on factors of postural condition, I1SI and reflex size. Post-hoc testing was
done using Bonferroni analysis (Statistical Package for the Social Sciences, SPSS Inc, Chicago,
IL). Additionally, RMS (root-mean square) amplitude of background EMG of the TA and SOL
was measured; EMG in all conditions was normalized to EMG in the SIT condition. Summary
data for all conditions is given in Figure 1.

Statistical analysis showed a significant interaction between variables of group and ISI (p <
0.001), signifying the response to postural and test amplitude conditions was different between
groups depending on test ISI. Data inspection indicated that there was minimal PAD in either
group with the 5 sec ISI. The PAD observed with the 2.5 sec ISI was significantly greater for
ND subjects compared to iSCI subjects (p < 0.001). When only the 2.5 second I1SI was included
along with variables of reflex size and postural condition, iSCI subjects showed 17.5% less
depression through all conditions compared to ND subjects. This indicated significant between-
group differences in influence of both postural condition and reflex size when tested with 2.5
sec ISIs. Therefore, the remainder of results will focus on between-group differences observed
under the 2.5 sec IS test condition.

The factor associated with the largest between-group difference was standing posture. In SS
(with 2.5 sec ISI, including both 20% and 40% reflex), the mean test reflex was depressed to
60.4% of conditioning reflex amplitude in the ND subjects compared to 78.4% for iSCI
subjects, reflecting a 18% difference between groups. This between-group difference was
statistically significant (p = 0.008). In SIT (with 2.5 sec ISI, including responses elicited at
both 20% and 40% reflex size), the mean test reflex was depressed to 54.5% of conditioning
reflex amplitude in the ND subjects compared to 71.7% for iSCI subjects, reflecting a 17.2%
difference between groups. This between-group difference was statistically significant (p =
0.013). Within-group differences in influence of postural condition in the ND group for SIT
compared to SS showed significantly less PAD in the SS condition (p =0.016). In iSCI subjects,
the influence of postural condition was also significant (p = 0.038), although to a lesser extent.
Figure 2 gives data for one individual with iSCI (Subject 3) showing response obtained in SIT
compared to SS conditions.

There were also large between-group differences in the 20% reflex size (with 2.5 sec ISI,
including both SIT and SS conditions). ND subjects exhibited 16.5% greater PAD than iSCI
subjects with the 20% reflex size. The mean test reflex was depressed to 51.7% and 68.2% of
conditioning reflex amplitude, respectively, for ND and iSCI subjects; this difference was
statistically significant (p = 0.024). Reflexes of lower amplitudes (20% M,ax) Were more
sensitive than reflexes of larger amplitude (40% Mp,x) to PAD of H-reflex amplitude. This
difference in PAD between reflexes of different size was present in both ND (p < 0.001) and
iSCI (p = 0.008) subjects.

The primary finding of this study is that while an effect of posture on PAD was observed in
both groups, with less PAD in standing compared to sitting, individuals with iSCI show
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significantly less PAD during standing than ND individuals. This is consistent with alteration
of modulatory influences observed in other reflex circuits that are also presumably regulated
via presynaptic inhibitory mechanisms [23;24;31-33]. Perez and Field-Fote [31] demonstrated
that, during standing, the influence of the la reciprocal inhibition on soleus H-reflex amplitude
is significantly less in SCI individuals compared to ND individuals. Others have shown that,
in SCl individuals, modulatory influences on soleus H-reflex associated with repeated common
peroneal nerve stimulation [23], stretch [24;32], and quadriceps activation [33], are suppressed.
Apparently at odds with these findings is the work of Kawashima et al. [11] who showed that
posture-dependent modulation of the H-reflex in SCI individuals is enhanced compared to ND
individuals. These authors demonstrated that the magnitude of the H-reflex amplitude in
supported standing is depressed to a greater degree relative to sitting, in individuals with motor-
complete SCI compared to ND individuals. This may suggest that posture-related mechanisms
regulating H-reflex amplitude are different than those regulating H-reflex PAD.

Differences in injury severity may offer an alternative explanation for the observed differences
between increased efficacy of posture-dependent modulation of H-reflex amplitude in SCI
individuals observed by Kawashima et al.[11] and decreased efficacy of posture-dependent
modulation of H-reflex PAD observed in our study. Subjects in our study had incomplete
(ASIA C) injuries while those in the study by Kawashima et al.[11] had complete SCI. Lee et
al.[34] demonstrated that rats with complete spinal cord transection exhibit greater (i.e., more
normal) PAD than do those with mild or moderate contusion injuries.

There is increasing evidence to suggest that reflex modulation may be different in complete
versus incomplete SCI, but this is an area of considerable controversy in the literature. While
some authors have reported increased normalized H-reflex excitability in both individuals with
complete injury and those with incomplete injury [35], there is evidence to support the
argument that there may be differences in the responses among individuals that is attributable
to severity of injury. Schindler-lvens and Shields [36] reported that subjects with motor-
complete SCI exhibit H-reflex amplitudes, thresholds and gains that are not different from ND
individuals. In individuals with motor-complete cervical or thoracic SCI, Hiersemenzel et al.
[37] demonstrated that, while normalized H-reflex responses were greater in the individuals
with tetraplegia, overall reflex amplitudes were not different from those of ND individuals.
However, studies of incomplete SCI have come to the opposite conclusion, finding that
normalized H-reflex amplitudes are increased in SCI individuals compared to ND individuals
[38;39].

In parallel to the disparity observed in H-reflex amplitude, H-reflex modulation in response to
loading may be different in individuals with motor-complete injury compared to incomplete
injury. Knikou and Rymer [3] demonstrated, in individuals with complete SCI, that mechanical
loading of the sole of the foot depressed soleus H-reflex excitability. However, Phadke et al.
[38] recently showed that lower extremity loading does not alter H-reflex excitability in
individuals with incomplete SCI. These observed differences between individuals with
complete versus incomplete SCI are consistent with clinical observations that spasticity is more
problematic in individuals with incomplete injury compared to complete injury.

Supraspinal influences are thought to be the primary source of presynaptic inhibition of la
afferent terminals, and therefore the presumed origin of posture-related H-reflex depression
[40;41]. Accordingly, impairment of presynaptic inhibition is thought to underlie the loss, or
suppression, of modulation in those with SCI. Studies to clarify the role of supraspinal influence
on H-reflex modulation [20;42] have been equivocal. Cowan et al.[42], using electrical cortical
stimulation in seated subjects, identified short-latency inhibition to the H-reflex even during
voluntary soleus contraction. Conversely, Goulart et al.[20], using transcranial magnetic
stimulation, identified an early phase of soleus H-reflex facilitation that was present in supine,
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sitting and standing. A second phase of facilitation observed in supine and seated positions
was absent in standing. While the contribution of supraspinal influences on presynaptic H-
reflex modulation remains unclear, if these influences constitute the primary source of PAD
of the H-reflex, then differences between ND and SCI subjects in the amount of descending
input likely underlie the observed differences in PAD identified in the present study.

Despite evidence that supraspinal influences are essential to posture-related H-reflex
modulation, a case can be made that segmental contributions to are equally as important. In
individuals with complete SCI, in whom little supraspinal input would be expected, there is
still depression of the H-reflex associated with supported standing compared to sitting [11].
Kawashima et al. [11] argued that supported standing provides a condition wherein supraspinal
influences are negligible, and therefore reflex modulation arises from the segmental influences.
Indeed, lower extremity segmental influences related to muscle and joint receptors have been
shown to influence soleus H-reflex amplitude [5;43-46]. Nakazawa et al [5] examined the
effects of loading the knee or ankle joint of ND subjects while standing in a reduced-gravity
environment (i.e., water tank). Load applied to either joint was associated with significant
depression of H-reflex amplitude compared to the unloaded condition, implicating a role for
joint afferents in modulation of H-reflex excitability. Abbruzzese et al [43] assessed the
influences of cutaneous and muscle afferent input on soleus H-reflex excitability under prone
and standing conditions. They concluded that foot muscle afferents exert inhibitory influences
on soleus excitability. If segmental influences are the most significant source of posture-
dependent H-reflex modulation, then differences observed between ND and SCI subjects in
the present study are likely attributable to adaptive changes in the regulation of spinal cord
circuitry in chronic SCI.

Finally, it is important to note that three of five subjects in our study took antispasticity
medication. Because these are centrally-acting agents it is possible that they had some influence
on reflex responses to stimulation in these subjects. However, examination of the data identified
no obvious differences in responses among subjects taking and those not taking medications.
Further, when data were plotted to inspect for relationships between PAD values and lower
extremity motor scores or duration of injury, no such relationships were apparent.

In summary, our findings indicate that there is a relationship between chronically-compromised
descending control and mechanisms responsible for posture-related PAD. These results are
consistent with the view that altered modulation observed in those with chronic SCI may be
due to adaptive changes in the regulation of spinal reflex circuitry [23;47;48]. While our
methods do not allow us to identify mechanisms underlying this suppression of modulation,
they are surely attributable to the fragmenting and/or distortion of descending inputs to the
spinal cord that results in alteration of the relationship between descending input and spinal
reflex circuits. These findings contribute to the growing evidence that state-dependent
modulation of spinal reflex activity is disrupted in individuals with chronic iSCI.
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Figure 1.

The effect of ISI, amplitude of the evoked reflex and postural condition on the post-activation
depression (PAD) of the soleus H-reflex. All data is expressed as a percentage of the control

reflex under the same postural condition. Hatched bars indicate reflexes evoked with ISIs of 5
sec, open bars indicate reflexes evoked with 2.5 sec ISls. Error bars indicate the standard error
of the mean (SEM)
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Figure 2.

Postural condition has minimal effect on PAD in iSCI subjects. Both conditioning and test
reflexes are shown. In this exemplary subject, there is no PAD of the test reflex under conditions
of small reflex size (20% Mpax) and short interpulse interval (2.5 ISI) that were most effective
in inducing PAD in ND subjects.
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