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Abstract

The effect of postural orientation on the motor corticospinal excitability (MCE) of proximal and
distal upper extremity (UE) muscles was investigated. In a crossover design, recruitment curves
(RCs), short interval cortical inhibition (SICI) and intracortical facilitation (ICF) of resting
anterior deltoid (AD) and first dorsal interosseus (FDI) was assessed in two postures: sitting and
standing. Six healthy adults without contraindications to transcranial magnetic stimulation (TMS)
participated in the study. TMS was applied over the motor cortical representation of FDI and AD
at intensities ranging from 90% to 200% of resting motor threshold (RMT) in increments of 10%.
SICI and ICF were assessed for each muscle using a conditioning stimulus (80% RMT) preceding
a test stimulus (120% RMT) with an interstimulus interval of 2 ms and 15 ms, respectively. For
AD, but not FDI, there was a significant and consistent increase in RC slope during standing
compared to sitting. For FDI, there was no difference in ICF and SICI between sitting and
standing. However, for AD, while there was no difference in ICF between the two postures, there
was a clear trend for SICI to decrease (p = 0.06) in standing compared to sitting. These results
indicate that postural change from sitting to standing, affects the MCE of proximal but not distal
muscles. While this indicates the role of proximal UE muscles in postural control, it also implies
that rehabilitation protocols for enhancing proximal arm motor function may be advantaged if
administered in a standing posture.
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1. Introduction

Changes in posture are known to influence motor function of lower extremity, upper
extremity (UE), and speech [3-5,22]. Change in posture from sitting to standing increases
the complexity of arm reaching dynamics due to additional challenges for postural control in
standing [1]. Coordination between center of mass movement and arm movement during a
pointing task is different in seated compared to standing position [17]. Such differences
indicate that UE control strategies are dependent on postural orientation. Despite these
reported posture-related changes in UE function, little is known about how postural changes
impact the corticomotor system projecting to the UE muscles.

Transcranial magnetic stimulation (TMS) non-invasively and trans-synaptically activates
pyramidal tract neurons to evoke electromyographic motor evoked potentials (MEPS) that
provide quantitative information about excitability of the corticospinal system (MCE) [7].
While previous studies have investigated the effects of postural changes on MCE of the
lower extremity muscles [14,24], evidence regarding the effect of change in posture from
sitting to standing on MCE of UE muscles could not be identified. Obata et al. observed an
increase in the plateau value and maximum slope of the RC of soleus and tibialis anterior
muscle in standing compared to sitting [14]. However, it is not known if MCE of the UE is
modulated by changes in postural orientation (sitting compared to standing).

Proximal and distal muscles of the UE have distinct roles in arm and hand function.
Proximal muscles provide the ability to reach to a target while distal muscles are engaged in
object manipulation. Larger proximal muscles are more likely to have a greater influence in
the control of center of mass kinematics while distal muscles likely have little influence on
COM control [13,16]. Moreover, more proximal limb and axial muscles may be
differentially controlled by ventromedial motor pathways than distal limb muscles involving
dorsolateral pathways [11]. As a result, postural orientation may influence MCE
differentially in proximal compared to distal muscles. The purpose of this study was to
compare the effect of posture (sitting vs. standing) on MCE of proximal and distal UE
muscles. We hypothesized that change in posture from sitting to standing will enhance the
MCE of the proximal arm muscle but not distal arm muscle.
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2. Materials and methods

Six healthy right-handed adults (mean age 51.8 + 8.1 years) without any history of
neurological or orthopedic impairment participated in this study approved by the
institutional review board. None of the subjects showed any contraindication to TMS
[9,19,25]. Informed consent was obtained from all participants.

We employed a within-subject design in which participants were tested for changes in MCE,
inhibition and facilitation for first dorsal interosseus (FDI) and anterior deltoid (AD) during
sitting compared to standing. We obtained RCs, intracortical inhibition (ICI) and
intracortical facilitation (ICF) for FDI and AD in sitting and standing to understand the
posture-related changes in MCE, inhibition and facilitation.

Each participant was tested on four different sessions separated by at least 1 day. All
participants were tested first for AD and then for FDI. For each muscle, recruitment curves
(RCs) and intracortical facilitation—inhibition (ICI and ICF) measures were obtained on
separate sessions. At each session, data were collected in two postures: sitting and standing.
Surface EMG was recorded from the right FDI or AD muscle with adhesive electrodes
placed in a tendon-belly arrangement over the bulk of the muscle. The EMG signal was
filtered with a band pass of 30-1000 Hz, amplified, and digitized at 1000 Hz. The data were
graphically displayed and stored for offline analysis.

Single TMS pulses were applied over the left motor cortex with a 70 mm figure of eight coil
attached to Magstim Rapid Stimulator (Magstim, Whitland, UK). The coil was held
tangentially to the scalp with the handle pointing posteriorly away from the midline at an
angle of 45°. Current induced from this position is directed approximately perpendicular to
the central sulcus [2,12]. A “hot-spot” for AD and FDI was determined as the site at which
the largest MEP was obtained from the respective muscle at lowest TMS intensity. Then
intensity was systematically reduced to determine the resting motor threshold (RMT) which
is the minimum TMS intensity required to invoke an MEP amplitude of at least 50 pV in 5
out of 10 consecutive trials [20]. RMT was assessed in each posture.

2.1. Recruitment curve (RC) determination

For each muscle, we determined the TMS recruitment curve in sitting and standing after
finding RMT in both positions. Participants were randomized into either a sit- or stand-first
group. If randomized to the stand-first group, data were obtained in standing first and seated
position second and vice versa. RC was collected with 10 MEPs collected at each intensity
from 90% to 200% RMT (or 100% of stimulator output whichever is reached first) with
10% increments. In each posture, the test arm was relaxed at the participants’ side and rested
in neutral position, confirmed by no activity in EMG. In each posture, the non-test forearm
was supported with shoulder in neutral, elbow 90° flexion and wrist and hand relaxed. This
supported arm should minimize sway and asymmetrical stance of the subject during testing.
Rest breaks were provided as necessary throughout the testing. Total testing time for this
session is approximately 2 h.
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2.2. Intracortical inhibition/facilitation determination

In the subsequent session paired-pulse TMS was used to assess the inhibition and facilitation
to the AD and FDI. For ICI and ICF, participants were tested in seated position first and then
standing position. In sitting, a test stimulus (TS) with an intensity of 120% of RMT was
preceded by a conditioning stimulus (CS) 80% of RMT with an interstimulus interval (1SI)
of 2 ms for inhibition (10 MEPSs) and 15 ms for facilitation (10 MEPs) [10]. In the standing
position, TMS intensity necessary to achieve the same average MEP amplitude elicited with
the TS in sitting was obtained. This was identified as the standing-TS for paired-pulse
testing in standing. Then, we adjusted the CS based on an algorithm that assured it was 20%
below RMT (given that the TS value was 20% above RMT). Ten MEPs were obtained each
with TS alone; CS preceding the TS with ISI of 2 ms (ICI) and 15 ms (ICF). The effect of
the preceding CS on the TS was investigated for each muscle for both ISls.

2.3. MEP analysis

Peak to peak MEP amplitude was measured for each potential. Averages were calculated for
each of the different intensity levels for RC analysis. RCs were plotted for each muscle in
every participant.

For the paired-pulse data, average conditioned peak-to-peak MEP amplitude was measured
and expressed as a percentage of the average unconditioned (or test) MEP (MEP ratio). MEP
ratio of 100 would indicate no effect of the CS. MEP ratio less than 100 indicates inhibition
while MEP ratio of more than 100 indicates facilitation.

2.4. Statistical analysis

We used mixed effects regression models (also known as “hierarchical models”) to assess
the association between position and RCs, accounting for the repeated measures on the same
subjects. Initially, we fit a model that made no assumptions about the relationship between
mean MEP amplitude and TMS intensity and included a random intercept. Subsequently,
because the RCs appeared reasonably linear, we fit a model that included a random intercept
and random slopes at each position. The models were fit using SAS Proc Mixed using the
REML approach.

For the paired-pulse TMS experiments, a paired t-test was used to compare the MEP ratio in
sitting to that in standing at each ISI (i.e. for ICl and ICF).

3. Results

Table 1 summarizes demographic data, testing order and RMT for both muscles for all the
participants. Statistical analyses indicated that RMT did not significantly differ across
postures for the two muscles. Fig. 1 shows an ensemble average of 10 MEPs of AD and FDI
muscle of participant 5 in sitting and standing. Fig. 2 illustrates RCs for each of the 6
participants across the two postures for AD and FDI, respectively. For AD (top row), there
was a consistent effect of posture on the RC slope. In all participants, the RC slope was
steeper during standing compared to sitting posture. Based on a model that made no
functional assumptions about the relationship between mean MEP amplitude and TMS
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intensity, there was a significant effect of position (Fig. 3, p < 0.0001). Based on a model
which postulated an effect of position on average slope, we found a significantly steeper
average slope in the standing position (p = 0.030). In contrast, for FDI, based on the
unstructured model, there was no significant effect of position (Fig. 3, p = 0.96).

Fig. 4 illustrates the MEP ratios for AD and FDI, respectively. For AD, there was reduced
intracortical inhibition during standing (higher MEP ratios) compared to sitting. Although
the effect was not statistically significant, there is a clear trend with a uniform effect on all
participants (p = 0.06; medium effect size: Cohen's d = 0.6). There was no significant effect
of posture on ICF in AD and on ICI and ICF in FDI.

4. Discussion

The present report investigates the effect of posture on MCE, intracortical inhibition and
facilitation in a proximal and distal upper extremity muscle. We observed that the effect of
posture on MCE was different for the proximal and distal UE muscles. While MCE of the
proximal UE muscle (AD) was significantly enhanced in standing compared to sitting, there
was no effect of posture on the MCE of the distal UE muscle (FDI). The increased MCE of
AD in standing is likely to be mediated by a decrease in the ICI during standing compared to
sitting. Thus, the present results demonstrate that a posture-related modulation in the MCE
for the proximal arm muscle but not the distal one.

Change in MCE with posture may be mediated by multiple factors such as a generalized
increased in alertness in standing or may reflect the possible role of proximal arm muscles in
postural control during standing. Enhancement of MCE in AD but not FDI during standing
suggests that it was not a generalized effect. Instead, our data indicate dissociation between
the proximal and distal UE muscle response to postural change.

Proximal muscles are relatively bulky, have attachments on the trunk, and control movement
of the whole UE segment; therefore making them biomechanically more susceptible to
influence COM kinematics. In contrast, smaller distal hand muscles have little influence on
the COM. Proximal arm muscles are known to influence postural control. Arm movements
after perturbations like tripping over an obstacle have been suggested to serve a protective
function and contribute to balance recovery [15,18]. Conversely, changes in postural control
are also known to influence proximal UE control. Training focused on improving postural
control improved arm control in patients who had ataxia secondary to a brain stem stroke
[23]. This suggests an influence of posture on arm control. In the current study, we provide
further physiological evidence for this effect of posture on proximal arm control. One
potential limitation of the present study is that postural sway in standing may also affect the
role of the proximal UE in postural control. Although this was not directly assessed in the
current study, the postural sway was minimized by having the participants support their non-
test forearm in standing.

The present findings also bring to light the role of primary motor cortex as a neural substrate
that may mediate synergistic relationship between posture and proximal UE movements.
Increased challenges to the postural-control system in standing may enhance the MCE of the
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proximal UE muscles such as the AD possibly via mechanisms such as subliminal fringe.
Subliminal fringe refers to a zone of subthreshold excitability of neurons that often project
to synergistic muscles and receive excitatory post-synaptic potentials from the depolarized
neuronal group [6]. These subliminal fringe neurons have a higher threshold for activation
either because they are less excitable, have a lower synaptic innervation density, or because
they are spatially further from the center of TMS activation (hotspot). Progressive growth of
MEP size with increase in TMS intensities (suprathreshold) is mediated by activation of
neurons besides those in the core region activated at threshold [7]. Support for subliminal
fringe mechanisms for this effect is evident in the RCs. A close inspection of the RCs for
AD reveals that for all participants, differences between sitting and standing are more
evident at higher stimulation intensities. This suggests that in standing posture the neurons
of the AD subliminal system are likely more excitable compared to sitting posture. This may
also reflect the modulatory influences of descending vestibular and reticular brainstem
pathways associated with postural control. Postural orientation may affect ventromedial
motor pathways involving proximal limb and axial muscles differently than distal hand
muscles engaged in grasp and fine motor skills. Another likely mechanism responsible for
increased excitability may relate to reduced GABA-A related activity in the motor cortex.
There was a trend toward decrease in GABA-A-mediated ICI in standing compared to
sitting posture for AD; possibly indicating a lower GABA-A interneuronal activity in the
motor cortex of AD in standing. While we assessed ICI with one ISI (2 ms), assessment of
ICI with multiple 1SIs would have possibly yielded more robust results.

MEP amplitude is influenced by cortical excitability as well as the excitability of spinal
motor neurons in the spinal cord. Here we did not directly measure the excitability of the
spinal motor neurons; therefore we cannot ascertain which level in the central nervous
system mediated the enhancement of MEP amplitudes in standing. There is evidence that,
when the target muscle contraction is low, the contribution of spinal mechanisms to MEP
amplitude modulation is negligible [8,21]. In the present study, the test muscles were at rest
and electrically silent. Therefore, it is likely that the modulation of RCs in standing was
likely mediated by changes at the cortical level. Further, a trend for reduction in GABA-A
mediated ICI for proximal arm muscle in standing indicates that at least part of posture-
related excitability changes are mediated at the cortical level. However, future studies are
needed to definitively identify the source of modulation of MEPs.

5. Conclusion

To our knowledge, this is the first study to investigate posture-related changes in MCE in
UE muscles. We found that MCE of proximal but not distal UE muscles is enhanced in
standing compared to sitting. From a theoretical perspective, this implies a differential role
of proximal UE muscles in postural control compared to distal UE muscles. Further, they
suggest that primary motor cortex may be engaged in mediating the synergistic relationship
between body posture and proximal UE movements. From a practical standpoint, these
findings have implications for UE rehabilitation in patients with neurological disorders such
as in hemiparesis after stroke. It is conceivable that rehabilitation protocols for enhancing
proximal arm movement function may be more effective if administered in a standing
posture. While future studies are needed to investigate the effects of posture on proximal UE
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training protocols, the current findings provide a neurophysiological basis for the effects of
posture on MCE of UE muscles.
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Fig. 1.

Ensemble average MEPs from anterior deltoid (AD, top row) and first dorsal interosseus
(FDI, bottom row) muscle of representative participant (S5) evoked in sitting and standing
evoked at TMS intensity of 150% RMT.
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Fig. 2.
Individual participant recruitment curves for AD (upper row) and FDI (lower row) in sitting

(open circles) compared to standing (bold circles).
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Fig. 3.

Group recruitment curve for AD and FDI in sitting and standing. While there was no
significant effect of posture on the recruitment curve slope in the FDI muscle (p = 0.96), for
the AD muscle, the recruitment curve was significantly steeper in standing than sitting (p <
0.001).
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Fig. 4.
SICl and ICF: MEP ratio data for participants 1-6 in sitting (striped bar) and standing (solid

gray bars). MEP ratio of 100 (dark horizontal line in the lower row) would indicate no effect
of the conditioning stimulus. MEP ratio less than 100 indicates inhibition while MEP ratio
of more than 100 indicates facilitation. For the AD muscle, the MEP ratio is consistently
higher (indicating less inhibition) in standing compared to sitting (p = 0.06; effect size =
0.6).
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Participant data for age, handedness, order of posture during testing of anterior deltoid (AD) and first dorsal
interosseus (FDI), and resting motor thresholds (RMT, % of maximum stimulator output, MSO) of AD and

FDI in sitting (SIT) and standing (STA).

SUB Age Handedness Order (AD) RMT (AD) (%MSO) Order (FDI) RMT (FDI) (%MSO
SIT STA SIT STA
1 52 RT Sit—sta 60 60 Sit—sta 48 48
2 59 RT Sit—sta 36 36 Sta-sit 51 50
3 39 RT Sta-sit 36 34 Sit-sta 39 41
4 63 RT Sta-sit 53 53 Sit—sta 63 63
5 56 RT Sit—sta 55 50 Sta-sit 38 33
6 49 RT Sta-sit 34 34 Sta-sit 46 33
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