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Abstract Reflex pathways connect all four limbs in
humans. Presently, we tested the hypothesis that reflexes
also link sensory receptors in the lower leg with muscles of
the lower back (erector spinae; ES). Taps were applied to
the right Achilles’ tendon and electromyographic activity
was recorded from the right soleus and bilaterally from ES.
Reflexes were compared between sitting and standing and
between standing with the eyes open versus closed. Refl-
exes were evoked bilaterally in ES and consisted of an early
latency excitation, a medium latency inhibition, and a
longer latency excitation. During sitting but not standing,
the early excitation was larger in the ES muscle ipsilateral
to the stimulation (iES) than in the contralateral ES (cES).
During standing but not sitting, the longer latency excita-
tion in cES was larger than in iES. This response in cES
was also larger during standing compared to sitting.
Responses were not significantly different between the eyes
open and eyes closed conditions. Taps applied to the lateral
calcaneus (heel taps) evoked responses in ES that were not
significantly different in amplitude or latency than those
evoked by tendon taps, despite a 75-94% reduction in the
amplitude of the soleus stretch reflex evoked by the heel
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taps. Electrical stimulation of the sural nerve, a purely cuta-
neous nerve at the ankle, evoked ES reflexes that were not
significantly different in amplitude but had significantly
longer latencies than those evoked by the tendon and heel
taps. These results support the hypothesis that reflex path-
ways connect receptors in the lower leg with muscles of the
lower back and show that that the amplitude of these refl-
exes is modulated by task. Responses evoked by stimula-
tion of the sural nerve establish that reflex pathways
connect the ES muscles with cutaneous receptors of the
foot. In contrast, the large volley in muscle spindle afferents
induced by the tendon taps compared to the heel taps did
not alter the ES responses, suggesting that the reflex con-
nection between triceps surae muscle spindles and the ES
muscles may be relatively weak. These heteronymous refl-
exes may play a role in stabilizing the trunk for maintaining
posture and balance.

Keywords Human reflexes - Muscle spindles -
Cutaneous afferents - Erector spinae muscle

Introduction

The neural control of human movement is mediated in part
by reflex pathways through the spinal cord. Some of these
pathways transmit signals from sensory receptors in one
limb to the musculature of the other three limbs. These
pathways form the substrate for interlimb reflexes that are
thought to contribute to the coordination of all four limbs
during tasks such as walking (Dietz et al. 2001; Dietz 2002;
Zehr and Duysens 2004). Interlimb reflexes are often stud-
ied by activating receptors in one limb and recording
responses in the remote, non-stimulated limbs (Dietz et al.
2001; Haridas and Zehr 2003; Kearney and Chan 1979,
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1981; Meinck and Piesiur-Strehlow 1981; Zehr et al. 2001).
Such reflexes have been observed in muscles of the upper
limb from ankle joint displacement (Kearney and Chan
1981) and in all four limbs from electrical stimulation of
cutaneous nerves at the wrist and ankle (Zehr et al. 2001).
Whether reflex connections also exist between sensory
receptors in the limbs and the muscles of the trunk has not
been explored.

Activity of the trunk musculature is important for main-
taining upright posture and ensuring stability during stand-
ing and walking (Floyd and Silver 1955; Waters and Morris
1972). The lower erector spinae muscles (ES), in particular,
provide stability of the lumbar spine and together with the
transverse abdominus and internal obliques correct for
changes in the center of mass (O’Sullivan etal. 2002)
through a combination of spinal and cortical mechanisms.
Spinal mechanisms include the stretch reflexes that can be
demonstrated experimentally by taps applied over the ES
muscles (Dimitrijevic et al. 1980; Zedka et al. 1999) or dur-
ing more natural tasks, as a result of small movements of
the trunk during arm movements (Zedka and Prochazka
1997). In contrast to these spinal mechanisms, after a more
global postural perturbation ES activity has been character-
ized as part of an automatic postural response (Cordo and
Nashner 1982) mediated in part through transcortical path-
ways (Diener et al. 1988). These responses are modulated
by an interaction between central commands that depend on
prior experience, and afferent feedback from the periphery
(Deliagina et al. 2008; Horak et al. 1989; Jacobs and Horak
2007; Misiaszek 2006). Feedback from spindles in muscles
around the ankle joint is thought to be especially important
for postural control (Creath et al. 2005; Dietz et al. 1989;
Fitzpatrick et al. 1992; Kavounoudias et al. 2001; Nashner
1976). Trunk muscle activity, in particular, is thought to be
heavily influenced by signals from spindles in muscles act-
ing on the ankle joint (Kearney and Chan 1981), however,
the neural pathways that mediate this control have not been
well-defined.

The present experiments were designed to test the
hypothesis that there are spinal reflex pathways between
sensory receptors in the lower leg and the ES muscles of
the lower back. In particular, we thought that reflex path-
ways would connect spindles in the triceps surae muscles
(TS) of the ankle and the ES muscles. To test this, brief
taps were applied to the Achilles’ tendon (“tendon taps™)
to activate TS muscle spindles and electromyographic
(EMG) activity was recorded bilaterally from ES. After
establishing the presence of the ES reflexes, we (1) inves-
tigated these reflexes during different tasks and condi-
tions (i.e., sitting vs. standing, eyes open vs. eyes closed)
to explore whether challenging the postural demands
influenced their expression and (2) explored the afferent
origin.
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Methods

Sixteen subjects participated in this study (8 males and 8
females, 18—46 years) after providing informed, written
consent. The study was conducted in two parts with ten
subjects participating in the first part and eight in the sec-
ond part. The experimental protocol was conducted in
accordance with the standards set by the Declaration of
Helsinki and was approved by the Health Research Ethics
Board at the University of Alberta. All subjects reported no
back pain or history of neurological disorders. Each experi-
mental session lasted between 1.5 and 3 h.

Electromyography

Electromyography (EMG) was recorded from the right
soleus and bilaterally from the lower ES using disposable
bipolar surface EMG electrodes (2.54 cm?, A10043-P, Ver-
med Medical, Bellows Falls, VT, USA). The soleus elec-
trodes were placed below the gastrocnemius on the midline
of the muscle. The ES electrodes were placed 2 cm lateral
to the L4-L5 spinous processes according to the recom-
mendations of Cholewicki et al. (1997). Reference elec-
trodes (10.16 cm x 4.45 cm, Electrosurgical Patient Plate:
Split, 3M Health Care, St Paul, MN, USA) were placed on
both anterior superior iliac spines. Given that the stimula-
tion was always delivered to the right foot, the right ES was
defined as ipsilateral (iES) and the left ES as contralateral
(cES). For the experiments in Part 1, EMG signals were
amplified 1,000-5,000 times and band-pass filtered
between 10 and 1,000 Hz (AMT-8, Bortec Biomedical,
Calgary, AB, Canada). For the experiments in Part 2, EMG
signals were amplified 1,000-5,000 times and band-pass
filtered between 50 and 3,000 Hz (Neurolog System; Digi-
timer, Welwyn Garden City, UK). Data were sampled at
2,000 Hz using custom-written software (LabView,
National Instruments, Austin, TX, USA) and stored on a
computer for later analysis.

Maximal voluntary contractions

At the start of each session, subjects performed maximal
voluntary contractions (MVCs) of soleus and ES while
receiving verbal encouragement from the experimenters.
For the soleus MVC, subjects were seated with their right
knee and ankle at approximately 110° and 90°, respec-
tively. The right foot was strapped to a stationary footplate
and subjects performed maximal isometric plantarflexion
contractions. For the ES MVC, a strap was looped around
the subject’s mid-back and attached to a metal frame in
front of the subject. While seated, with a hip angle of
approximately 90°, the subject extended their trunk (i.e.,
arched the lower back) against the strap to maximally
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engage ES. One to two practice trials were performed for
each muscle to permit subjects to become familiar with
how to maximally activate each muscle.

Protocol

Part 1. Erector spinae reflexes evoked by Achilles’ tendon
taps

These experiments were designed to quantify reflexes in ES
evoked by taps applied to the Achilles’ tendon. Data were
collected while subjects were (1) standing with eyes open,
(2) sitting with eyes open, (3) standing with eyes closed,
and (4) sitting with eyes closed. The sitting and standing
trials were included to determine whether reflex amplitude
was modulated according to task. The eyes closed condition
was included to provide a greater challenge to postural sta-
bility and increase the reliance on feedback from peripheral
receptors for postural control (Fitzpatrick etal. 1994;
Nagano et al. 2006). We predicted that ES responses would
be largest while standing with eyes closed due to the
increased postural demands of the task. During standing,
the subjects were instructed to stand with their feet shoulder
width apart, place equal weight on each foot, look straight
ahead, and rest their hands at their sides. Prior to data
collection, the EMG activity in ES while standing was
measured. Each subject matched this level of activity
during seated trials by contracting the ES in the manner
described for the MVC. During the eyes open trials,
subjects used visual feedback of the low pass filtered EMG
signal (0.3 Hz) displayed on a computer screen to maintain
the desired level of activity. During the eyes closed trials,
subjects received verbal cues from the experimenters when
necessary to adjust their ES activity level to match the tar-
get level. The tendon taps were delivered manually by the
experimenter, perpendicular to the right Achilles’ tendon
with a Taylor reflex hammer. The hammer was equipped
with a force sensitive resistor and this signal was used to
monitor the amplitude of the force applied during each tap,
as well as to trigger data collection. The taps were delivered
to evoke a consistent, robust stretch reflex in soleus as
determined prior to data collection. Each trial consisted of
40 taps, separated by 3-5 s, delivered with a peak force of
~2N. A set of control trials was also collected, while sub-
jects were standing with eyes open, in which taps (n = 40)
were delivered to the right calcaneus, below the lateral
malleolus (“heel taps”) in a similar manner as the tendon
taps. The purpose of these trials was to minimize the activa-
tion of muscle spindles in the triceps surae, while attempt-
ing to activate a similar proportion of cutaneous receptors
as during the tendon tap. We predicted that the heel taps
would evoke little or no reflex in soleus or ES. The five differ-
ent trials were presented in a random order across subjects.

Part 2. Erector spinae reflexes evoked by cutaneous nerve
stimulation

These experiments were conducted to address the unex-
pected finding that ES reflexes evoked by tendon taps and
heel taps were not significantly different. Thus, in eight sub-
jects, we investigated whether ES reflexes could be evoked
by electrical stimulation of cutaneous afferents from the
foot. The sural nerve was chosen because it is a purely cuta-
neous nerve that innervates the dorsal lateral region of the
foot, including the area where the heel taps were applied.
We compared the amplitude and latency of ES reflexes
evoked by sural nerve stimulation, tendon taps, and heel
taps. All data were collected while subjects were standing
with eyes open. The taps were applied to the tendon and heel
as described for Part 1 (above). The electrical stimulation (4-
pulses, 1 ms pulse width, 300 Hz) was delivered using a
Digitimer DS7A constant current stimulator (Neurolog Sys-
tem) through disposable bipolar electrodes (2.54 cm?;
A10043-P, Vermed Medical) placed over the sural nerve.
One electrode was placed posterior and inferior to the lateral
malleolus and the other inferior to the lateral malleolus.
Placement was adjusted for each subject to find the site at
which there was a clear radiating paresthesia into the area of
skin innervated by the sural nerve at the lowest stimulation
intensity [radiating threshold (RT)]. During data collection
the stimulation was delivered at 2-3 times RT and the inter-
stimulus interval was varied randomly between 3 and 5 s.
This stimulation protocol is typical of that used to evoke
cutaneous reflexes in previous studies (Zehr et al. 2001). In
the present study, the stimuli were non-noxious and did not
evoke contractions of the local musculature that could be
attributed to the activation of motor axons. Subjects com-
pleted three trials in which they received either; (1) tendon
taps, (2) heel taps, or (3) sural nerve stimulation. In each
trial, they received 80 stimuli with an interstimulus interval
of 3-5 s. The presentation order of the three different trials
was randomized across subjects.

Data analysis

Data analyses were performed using custom-written Matlab
software (The Mathworks, Natick, MA, USA). All EMG
data were rectified and low pass filtered (40 Hz, dual-pass
Butterworth). The EMG recorded during the MVC for each
muscle was averaged over a 500 ms window centered
around the peak EMG. To quantify reflexes evoked by the
different stimuli (tendon tap, heel tap, electrical stimula-
tion) for each subject, iES, cES, and soleus EMG were
averaged over an interval from 100 ms before to 250 ms
after the onset of the stimulus train. In two subjects who
participated in Part 1 the ES EMG in some trials was
contaminated by the signal associated with a heartbeat. The
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heartbeat EMG signals were easily identified as large
distinct waveforms appearing simultaneously in both ES
channels at random times in relation to the stimulation.
When this occurred, the sweep was removed from the anal-
ysis, thus average data for these subjects were calculated
from 25 to 30 sweeps. For Part 2, 80 sweeps were collected
in each trial and the first 40 sweeps that were not contami-
nated by signals associated with the heartbeat were used for
analysis, thus all average data for Part 2 were calculated
from 40 sweeps. For all muscles, the background muscle
activity was calculated as the average EMG over the final
100 ms prior to stimulus delivery. Responses were ana-
lyzed over fixed epochs, relative to stimulus onset, that
were determined based on visual inspection of the data
(Fig. 1). For soleus, reflexes were analyzed over a window

A iES Early  Middle Late
; E | 10% MVC
Tendon tap i i E i
15ms 35ms 75ms 125ms
B cES Early Middle Late
b i : | 10% MVC
= \L,\/EI | N
Tendon tap E E & E
15ms 35ms 75ms 125ms
C Soleus
50% MVC
Tendon tap
-50 0 50 100 150 200

Time (ms)

Fig. 1 Reflexes evoked in iES, cES and soleus by taps applied to the
right Achilles’ tendon in a single subject while sitting with eyes open.
Each trace represents the average of 40 reflexes. Horizontal lines de-
pict £2 SD of the background EMG recorded during the 100 ms prior
to stimulus delivery
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25-75 ms after stimulus onset, consistent with a short-
latency stretch reflex. For reflexes in ES in Part 1, data were
sorted into early (15-35 ms), middle (35-75 ms), and late
(75-125 ms) epochs. For the tendon tap and heel tap
responses of Part 2, the latency of the late epoch was
shifted slightly earlier (70-125 ms) to more accurately
capture the peak responses in this group of subjects. To
quantify responses to stimulation of the sural nerve in Part
2 the epochs were slightly later (early 25-45 ms, middle
45-85 ms, late 85—125 ms). For each response epoch, the
peak latency, amplitude, and sign were calculated. Peak
latency was calculated as the time from stimulus onset to
the point of maximal excitation or inhibition. Amplitude
was calculated by subtracting the average EMG over a
10 ms period, centered around the point of maximal excita-
tion or inhibition, from the mean pre-stimulus EMG, and was
expressed as a %MVC. The sign of the response was deter-
mined by whether the peak response was larger (positive) or
smaller (negative) than the mean pre-stimulus EMG.

Statistical analysis

For each subject in Part 1, x> analyses were used to deter-
mine whether there were significantly more excitatory
responses compared to inhibitory responses, or vice versa,
for each epoch. A response was considered significant
when the EMG in a given epoch remained outside of a 2
SD band, centered around the mean pre-stimulus EMG
activity, for a minimum of 5 ms. This 5 ms criterion has
been used in previous studies for the analysis of cutaneous
reflexes (Zehr et al. 2001; Haridas and Zehr 2003).

The subtracted and signed EMG values were used for
statistical analyses of reflex responses across the group.
Planned comparisons were used to identify significant
differences between ES reflex amplitudes between the
different conditions in Part 1. A three-way repeated mea-
sures analysis of variance (rmANOVA; Task: sitting and
standing; Eyes: open and closed; Muscle: iES and cES) was
performed for each epoch to provide the experimental error
value for the planned comparison analyses. To compare the
ES reflexes evoked by tendon taps with those by heel taps
in each epoch, the error value for planned comparisons was
extracted from a two-way rmANOVA (Stimulation: tendon
taps and heel taps; Muscle iES and cES). A two-way rmA-
NOVA was used to compare soleus reflexes between condi-
tions (Task: sitting and standing; Eyes: open and closed).
For the experiments described in Part 2, separate two-way
rmANOVAs (Muscle: iES and cES; Stimulation: tendon
taps, heel taps and sural nerve stimulation) were used to
compare ES response amplitudes and latencies evoked by
tendon taps, heel taps and sural nerve stimulation for each
epoch. Responses in soleus were compared using a one-
way rmANOVA (tendon taps, heel taps and sural nerve
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stimulation). In Parts 1 and 2, background contraction
levels for both soleus and ES were compared between
conditions using rmANOVAs. Tukey’s HSD tests were
used for post hoc comparisons of the ANOVA results when
significant main effects or interactions were identified. For
all statistical analyses, the significance level was p < 0.05.
Descriptive statistics are reported as the mean + 1SD.

Results
Part 1. Tendon taps

Reflexes recorded from ES and soleus in one subject while
sitting with eyes open and holding a bilateral background
contraction in ES are shown in Fig. 1. For this subject,
responses exceeded the 2 SD band centered around the
prestimulus EMG (horizontal lines) and thus were consid-
ered significant in all three epochs for iES and cES.
Figure 2 shows responses recorded from cES in another
subject and highlights the qualitative similarity of reflexes
recorded during sitting (panel A) and standing (panel B)
with eyes open (thick lines) and closed (thin lines). For the
sake of clarity, the 2 SD bands are not shown in this figure.

The taps applied to the Achilles’ tendon elicited a stretch
reflex in soleus in all subjects (Figs. lc, 3d). These reflexes
were always excitatory, with an average amplitude of
160 + 83% MVC and a peak latency of 48 £ 3 ms while
standing with the eyes open. There were no significant
differences in the amplitude (Fig. 3d) or latency of the refl-
exes recorded in soleus between conditions. There was also
no significant difference between the background EMG
activity in soleus when the subjects were standing during
the tendon tap trials with the eyes open (6 &+ 5% MVC) and
eyes closed (6 £ 4% MVC).

Taps applied to the Achilles’ tendon evoked significant
reflexes in iES and cES in all subjects. Significant reflexes
consisted predominantly of early excitation followed by a

Fig. 2 Data recorded from cES
for a single subject. Reflexes
were evoked by Achilles’ tendon
taps while the subject was seated
(a) and standing (b) with the
eyes open or eyes closed

cES seated

Normalized EMG

Tendon tap

middle latency inhibition and a subsequent period of excita-
tion. Table 1 summarizes the frequency, sign and latency of
significant ES responses evoked by tendon taps for the
group of 10 subjects. In iES, significant responses were
evoked in 80, 93, and 88% of all trials for the early, middle,
and late epochs, respectively. Significant responses were
recorded from cES in 70, 83 and 95% of all trials for the
early, middle, and late epochs, respectively. For iES,
responses were excitatory (30/40 trials) in the early epoch
significantly more often than they were inhibitory (2/40)
[}52 (1, N=32) =24.53, p < 0.001]. There was also signifi-
cantly more excitatory responses in the early epoch for cES
[22/40 excitatory vs. 6/40 inhibitory; > (1, N = 28) = 9.18,
p < 0.01]. During the middle epoch, iES responses were
more often inhibitory (25/40 trials) than excitatory (12/40
trials) [ (1, N = 37) = 4.59, p < 0.05]. The middle latency
responses recorded from cES were also more often inhibi-
tory (25/40 trials) than excitatory (8/40 trials) 2 (1,
N=33)=8.79, p <0.01]. For the late epoch, excitatory
responses predominated for both iES [26/40 excitatory vs.
7/40 inhibitory; %> (1, N = 35) = 12.63; p < 0.001] and cES
[35/40 excitatory vs. 3/40 inhibitory; XZ (1, N=38)=
26.97, p < 0.001].

For the group, there was no significant effect of task
(standing vs. sitting) on the magnitude of responses in the
early, middle, or late epochs for iES (Fig. 3). The cES mus-
cle also showed no significant effect of task for responses in
the early and middle epochs. In contrast, cES responses in
the late epoch during standing were significantly larger than
during sitting (Fig. 3c). Responses in ES were not signifi-
cantly different between eyes open and eyes closed for any
condition. There were no significant differences in back-
ground ES EMG activity between conditions and the aver-
age background ES EMG activity measured for the group
across conditions was 21% MVC (range 17-24%).

Responses evoked in iES and cES were significantly
different in amplitude and these differences depended on
task. In the early epoch, responses in iES were larger than

cES standin
B 1.6 9

—— Eyes open
— Eyes closed

0.8 -
50ms Tendon tap 50ms

0.6 -

0.4 -
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Fig. 3 Amplitude of responses recorded from ES [early epoch panel
(a), middle epoch panel (b), late epoch panel (c) and soleus (d) aver-
aged across the group for all conditions]. Values are means &£ SD.
Brackets identify responses that are significantly different from each
other (p < 0.05). EO-eyes open, EC-eyes closed

those recorded in cES while sitting with eyes open and eyes
closed (Figs. 1, 3a), but during standing there were no sig-
nificant differences between the early responses in iES and
cES (eyes open or closed). As shown in Fig. 3b, responses
in the middle epoch were not significantly different between
iES or cES regardless of task. For the late epoch, the ES
responses showed task-dependent changes that were oppo-
site to those found for the early epoch. While standing
(eyes open and eyes closed), the late responses in cES were
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larger than those in iES, but during sitting there were no
significant differences in the late responses between iES
and cES (eyes open or eyes closed) (Fig. 3c).

Tendon taps versus heel taps

In an additional set of trials, taps were applied to the lateral
calcaneus while subjects were standing with eyes open.
Figure 4 shows data for the group of ten subjects averaged
over the interval from 50 ms before to 200 ms after the taps
(left panels) and quantified for each reflex epoch (right pan-
els). The heel taps evoked reflexes in soleus that were 75%
smaller than those evoked by the tendon taps (p < 0.05). In
contrast, there were no significant differences in ES reflexes
evoked by tendon taps or heel taps in any epoch. Back-
ground soleus and ES EMG activity were not significantly
different between the tendon tap and heel tap trials.

Part 2: Erector spinae reflexes evoked by cutaneous nerve
stimulation

To determine whether the responses recorded from ES
could be evoked by the activation of cutaneous receptors, a
second series of experiments was conducted in which the
amplitude and latency of ES reflexes evoked by tendon
taps, heel taps and sural nerve stimulation were compared
in eight subjects while standing with eyes open. The group
traces in Fig. 5 show responses in ES elicited by all three
stimuli. There were no significant differences in the ampli-
tudes of responses in any epoch between the different stim-
ulus types. Similarly, there were no significant differences
in the amplitudes of responses in either the early or late
epochs between iES and cES. In the middle epoch,
responses to tendon taps and heel taps were smaller in iES
than cES. Responses to sural nerve stimulation were not
significantly different between iES and cES in the middle
epoch. The latency of the responses in each epoch were not
different between iES and cES. However, response laten-
cies in all three epochs for the sural nerve stimulation were
significantly longer than responses to the tendon taps and
the heel taps, which were not significantly different from
each other. The mean latencies to the peak responses in the
early epoch (averaged across iES and cES) were 24 £+ 7,
26 £ 8, and 33 + 7 ms for tendon tap, heel tap, and sural
nerve stimulation, respectively. In the middle epoch, laten-
cies were 54 £ 8, 51 £+ 8, and 66 + 11 ms for tendon tap,
heel tap and sural nerve stimulation, respectively. Response
latencies in the late epoch were 90 4 12, 87 £ 13, and
106 + 11 ms for tendon tap, heel tap, and sural nerve stim-
ulation, respectively. Responses in soleus evoked by tendon
taps were significantly larger than those elicited by heel
taps and sural nerve stimulation, which were not signifi-
cantly different from each other (Fig. Se, f). Soleus reflexes
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Table 1 Response frequency, prevalence of excitatory and inhibitory responses, and average response latencies for ES responses to Achilles’

tendon taps for the different conditions in Part 1

Conditions iES cES

Early epoch Middle epoch Late epoch Early epoch Middle epoch Late epoch
Standing eyes open (N = 10) 7 9 9 6 10 10

7+/0— 2+/7— 6+/3— 6+/0— 1+/9— 10+/0—

24 £+ 8 ms 57 £ 4 ms 99 £+ 4 ms 20 £ 8 ms 59 £ 7 ms 93 £ 10 ms
Standing eyes closed (N = 10) 9 10 9 7 8 10

9+/0— S5+/5— T+/12— 6+/1— 1+/7— 10+/0—

22+ 5ms 57 £ 8 ms 104 £ 14 ms 23 £ 6 ms 57 £ 8 ms 100 £+ 14 ms
Seated eyes open (N = 10) 7 9 8 8 8 9

7+/0— 2+/7— T+/1— 5+/3— 3+/5— T+12—

24 £+ 4 ms 60 £ 12 ms 96 £ 11 ms 28 £ 6 ms 59 £ 10 ms 99 + 11 ms
Seated eyes closed (N = 10) 9 9 9 7 7 9

T+12— 3+/6— 8+/1— 5+/2— 3+/4— 8+/1—

26 £ 5 ms 59 £+ 12 ms 91 £ 8 ms 28 £ 8 ms 61 £ 10 ms 97 £ 12 ms

For example, to describe responses in the early epoch for iES standing eyes open (first row), response frequency was 7 (i.e., 7 out of 10 subjects
displayed a significant ES response in that epoch). Out of these 7 significant responses, 7 were excitatory (7+) and 0 were inhibitory (0—). The
average response latency was 24 ms and the standard deviation was £8 ms

evoked by the heel taps were on average 94% smaller than
those evoked by tendon taps. The sural nerve stimulation
generated a small net inhibition in soleus at this reflex
epoch. There were no differences in the amount of soleus or
ES background activity between the three stimulation
conditions.

Discussion

These experiments are the first to characterize reflexes in
muscles of the lower back initiated by the activation of sen-
sory receptors in the lower leg. Taps applied to the right
Achilles’ tendon evoked reflexes bilaterally in ES, in addi-
tion to the well-known stretch reflex in ipsilateral soleus.
Contrary to our prediction, taps applied over the lateral cal-
caneus (“heel taps”) and electrical stimulation of the sural
nerve (a cutaneous nerve of the foot) evoked reflexes in ES
that were not significantly different in amplitude from those
evoked by the tendon taps. We propose the reflexes in ES
arise at least in part from the activation of cutaneous recep-
tors in the foot and may contribute to the neural strategies
used for the maintenance of posture and balance.

Taps applied to the Achilles tendon evoked reflexes
bilaterally in the ES muscles in all subjects. In most cases,
these reflexes consisted of a period of excitation in the early
epoch, inhibition in the middle epoch, and excitation in the
late epoch. This response pattern is qualitatively similar to
the pattern observed for “interlimb” reflexes evoked in
many muscles of the arms and legs by activation of sensory
receptors in a stimulated limb, remote from the recording
site (Kearney and Chan 1979; Zehr et al. 2001). The early

excitation in ES, which was maximal at a latency of 20—
28 ms, and the middle epoch inhibition, maximal at a
latency of 57—-61 ms, are both consistent with transmission
along pathways restricted to the spinal cord. The longer
latency excitation peaked at 91-104 ms and may involve
transcortical pathways (Nielsen et al. 1997).

We hypothesized that reflex pathways connect sensory
receptors in the lower leg with the ES muscles of the lower
back. Specifically, we thought that reflexes would arise
from the activation of spindles in the TS muscles that plan-
tarflex the ankle. This idea was based on the well-estab-
lished hypothesis that signals from muscle receptors around
the ankle joint provide important information for posture
and balance and play a key role in triggering responses for
balance correction (Creath et al. 2005; Diener et al. 1988,;
Dietz etal. 1989; Fitzpatrick etal. 1992; Kavounoudias
et al. 2001; Nashner 1976; Schweigart and Mergner 2008).
However, the tendon taps we utilized to activate TS muscle
spindles will have also activated muscle spindles and cuta-
neous receptors over a large area of the leg and foot, as well
as some TS Golgi tendon organs (Burke et al. 1983). Thus,
to explore the afferent origin of the ES reflexes, “heel taps”
were delivered to the right calcaneus directly below the lat-
eral malleolus and electrical stimulation was applied to the
sural nerve. We predicted the heel taps would activate a
similar proportion of cutaneous receptors as the tendon
taps, but fewer TS spindles (and no Golgi tendon organs),
and responses in ES and soleus would be reduced accord-
ingly. The sural nerve stimulation was chosen to provide a
cutaneous input from the same region of the foot as the heel
taps that, unlike the tendon and heel taps, was not contami-
nated by the activation of afferents from muscle spindle
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Fig. 4 Reflexes recorded from iES (a, b), and cES (¢, d) and soleus
(e, f), evoked by Achilles’ tendon taps and heel taps applied to the lat-
eral calcaneus while subjects were standing with eyes open. Data are

receptors or Golgi tendon organs. Despite a 75-94% reduc-
tion in the amplitude of the soleus stretch reflex elicited by
heel taps, the ES reflexes were not significantly different in
amplitude or latency than those evoked by tendon taps. The
amplitude of ES responses in each epoch evoked by the ten-
don taps and heel taps were not significantly different from
those evoked by the cutaneous volley generated by the sural
nerve stimulation. However, the latencies of the responses
in each epoch evoked by sural nerve stimulation were sig-
nificantly longer than those evoked by tendon taps and heel
taps. These results raise several possibilities regarding the
origin of the ES responses. (1) The ES reflexes may be part
of a generalized startle response initiated by all three stimu-
lus types. We do not believe this is the case because the
responses occurred at a much shorter latency than would be
expected from a traditionally defined startle response
(Brown etal. 1991). Additionally, startle responses typi-
cally habituate within the first 2—-6 stimuli (Brown et al.
1991) and thus could not account for the robust responses
seen in individual subjects’ data which represent the mean
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responses to 40 stimuli. (2) Both tendon and heel taps may
have generated a wave of vibration through the musculo-
skeletal system activating muscle spindles in ES and gener-
ating a local stretch reflex in ES. However, the ES
responses evoked by sural nerve stimulation, when there
would be no vibration argue against this possibility. Simi-
larly, the ES responses to the heel taps and the sural nerve
stimulation suggest the ES responses are not initiated by the
movement associated with the soleus stretch reflex. (3) The
responses evoked by sural nerve stimulation confirm that
reflex pathways connect cutaneous receptors in the foot and
ES motoneurons. Responses evoked by the tendon and heel
taps were not significantly different in amplitude from those
evoked by sural nerve stimulation, but had shorter peak
latencies. The differences between the responses evoked by
the taps and the sural nerve stimulation likely reflect differ-
ences in the afferent volley. The taps will have activated a
different proportion of cutaneous receptors in a different
temporal pattern than the electrical stimulation and will
also have activated muscle receptors (Burke et al. 1983).
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Responses in ES evoked by the tendon and heel taps were
not significantly different, despite the heel taps evoking a
substantially smaller soleus stretch reflex consistent with
the activation of fewer TS muscle spindles than the tendon
taps. Thus, the responses in ES do not appear to be domi-
nated by the robust input from TS muscle spindles evoked
by the tendon tap as we had initially predicted but rather
they may be predominantly cutaneous in origin. This is
consistent with the emerging idea that feedback from force
sensitive receptors in the skin of the foot may play a more
important role in the control of human stance than feedback
from ankle proprioceptors (Cnyrim et al. 2009).

Roles for feedback from cutaneous receptors of the foot
in balance control have been proposed based on microneu-

rographic recordings from the human tibial nerve (Kennedy
and Inglis 2002) or sural nerve (Trulsson 2001) during
stimulation of the foot sole. Cutaneous mechanoreceptors
in the sole of the foot assist in detecting ground contact
(Magnusson et al. 1990) and changes in the distribution of
pressure (Kavounoudias etal. 1998). Postural sway
increases when cutaneous input from the foot is reduced or
eliminated through cooling of the foot (Magnusson et al.
1990) or ischemic block induced by an inflated cuff around
the leg (Asai et al. 1992). Similarly, anesthesia of the sole
of the foot resulted in significantly different EMG responses
to perturbations applied during standing when compared
with trials in which the foot was not anesthetised.
Mechanoreceptors located along the lateral border of the
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foot, the region innervated by the sural nerve and the sites
where the tendon and heel taps were applied, have been
shown to be important in maintaining upright stance and
postural control (Meyer et al. 2004; Trulsson 2001; Vedel
and Roll 1982).

Increasing postural instability by having subjects stand
with their eyes closed, which has been shown to increase
body sway (Fitzpatrick et al. 1994; Nagano et al. 2006) did
not alter the expression of the ES reflexes in the present
study. It may be that the eyes closed condition did not pres-
ent enough of a challenge to the postural system to result in
a change in reflex expression. This is similar to other stud-
ies in which postural perturbations delivered during eyes
open and closed conditions did not produce any differences
in transmission through stretch reflex and transcortical
pathways utilized for balance corrective responses (Carpenter
et al. 1999; Keshner et al. 1987).

The ES muscles stabilize the spine and assist in pos-
tural corrections during sitting (Forssberg and Hirschfeld
1994; Preuss et al. 2005; Zedka et al. 1998) and standing
(Cresswell et al. 1994). Presently, sensory input from one
leg evoked ES reflexes bilaterally during sitting and
standing. Thus, ongoing discharge of sensory receptors in
the legs may contribute through these pathways to the
continuous background synaptic drive to ES motoneu-
rons. These heteronymous ES reflexes may also contrib-
ute to the generation of postural corrections such as the
bilateral ES activation that distributes forces on the pelvis
and helps maintain a consistent distribution of the center
of mass (Dofferhof and Vink 1985; White and McNair
2002) during rotational perturbations (Carpenter et al.
1999) and walking (Dofferhof and Vink 1985). Although
it is presently not known how these reflexes are expressed
during walking, the amplitudes of responses in ES were
affected by the changes in task, particularly the late
responses in cES as there was a significantly larger late
cES response during standing compared to sitting. Com-
parisons between iES and cES responses in both the early
and late epochs revealed differences in amplitude between
sides that were also task-dependent. Such task-dependent
differences in response amplitude may reflect a reweigh-
ting of sensory inputs to meet the demands of the task
(Cnyrim et al. 2009; Mahboobin et al. 2009; Misiaszek
2006; Schweigart and Mergner 2008). A bilateral, but
asymmetrical activation in ES has been demonstrated in
other studies during rotational perturbations (Carpenter
etal. 1999) and walking (Dofferhof and Vink 1985).
Waters and Morris (1972) showed that the cES was sig-
nificantly more active than the iES at heel strike which
would counteract the rotational forces of the pelvis. The
ES reflexes presently observed were driven by at least
some of the same receptors that would be activated at heel
strike.
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Summary

These experiments characterize reflexes in the ES muscles
of the lower back evoked by the activation of sensory
receptors in the lower leg. These heteronymous reflexes
were expressed bilaterally and changed in amplitude
between sitting and standing. A comparison of reflexes
evoked by tendon taps, heel taps and sural nerve stimula-
tion showed that reflex pathways connect cutaneous recep-
tors of the foot and ES motoneurons and suggest that reflex
connections from TS muscle spindles may be relatively
weak. These reflex pathways between the legs and lower
back may play a role in the neural control of posture and
balance.
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