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Abstract

Compensation of impending micro-falls when humdaad at ease has been shown to
depend on the sluggish triggering of impulsive stngs of the medial gastrocnemius
(MG) and soleus muscles. Here we test whethemitaimly the recruitment or the
modulation of discharge rate of motor units to jpdevthe impulsive regulation of
postural ankle torque. The number of active mototsyurather than their rate coding, is
expected to meet the requirement of adjusting atoktgie impulsively. While seven
healthy subjects stood quietly, intramuscular eteoyograms were recorded from the
MG muscle with three pairs of wire electrodes. Thenber of active motor units and
their mean discharge rate were compared for difitesevay velocities and positions.
Motor unit discharges occurred more frequently wtienbody swayed faster and
forward (PearsoR = 0.63;P < 0.0001). This higher likelihood of observing motmit
potentials was explained chiefly by the recruitmeiadditional units. From slow,
backward sways to fast, forward body shifts, themeumber of units active increased
from one to nine (MANOVAP < 0.0001) whereas the discharge rate changed@ram
1.2 (¢s.d.) to 10 £ 0.9 pps (MANOVA = 0.001). Strikingly, motor units did not
discharge continuously throughout standing. Thesewecruited on the initiation of
forward sways and intermittently, with a modal fueqcy of two recruitments per
second. This modal interval between recruitmed®@~-ms) is associated neither with
the modal duration of postural sways (~2s) nor whndelay of reflexive control (~100
ms). The modal rate of two recruitments per segemaore likely related to the
psychological refractory period, which is assoaatgth higher level limitations in the

planning and control of actions.



Introduction

When standing upright quietly, the human body swagsssantly. These tiny and
spontaneous movements are not easily observechyalted eye and barely exceed the
visual and proprioceptive thresholds of conscioasr{€itzpatrick & McCloskey, 1994).
Because the standing body is unstable, any sméllo$lthe centre of gravity (CoG)
from the ankle axis of rotation threatens the bst@ility, with larger shifts impinging
stronger destabilising moments. Because in nastiaading posture the position of
body CoG is forward of the ankle joint (~5cm, Hblandtet al. 1938), relentless
actions are sought to avoid falling forward. Thiearent elasticity of the Achilles
tendons and of the calf muscles is not sufficierddmpensate fully for the gravitational
toppling torque (Loram & Lakie, 2002a; Casadial. 2005).

Regulation of standing is, indeed, associated adtive adjustments in the ankle
torque. Contrary to the conservative reasoningtttetorward, postural sways stretch
the ankle extensors (Hellebrandt, 1938), variatiaribe length of the calf muscles and
in body position are not orthodox. The medial gastemius (MG) and the soleus
muscles shorten while the body sways forward (Logaah. 2005). Calf muscle
shortenings appear to result from a series ofdtallactions, executed sluggishly ~ 400
ms (Loram & Lakie 2002b; Loramt al. 2005). How the activation of the calf muscles

is triggered is uncertain.

Active gradation of muscle force depends on theptaal (rate coding) and spatial
(recruitment) summation of motor unit action poiaist Whether one of these
mechanisms predominates over the other dependeeaittiation. It is well established,
for example, that small motor units, with a few rladibres, are the first to discharge
when the muscle is stretched (Henneman, 1965). iMilprogression of stretching, the
active units increase their rate of discharge alttitimnal, larger units are recruited
eventually. This same sequence of events has lisemved for voluntary isometric
contractions (Bigland & Lippold, 1954; DeLuehal. 1982; Person & Kudina, 1971).
Nevertheless, as the muscle architecture and tlie miocontractions might both shape
the recruitment of motor units (Howeli al. 1995; Katoet al. 1985; Kennedy &



Cresswell, 2001; Tagt al. 1989; Vieiraet al. 2011), it is unclear whether rate coding or
recruitment contributes more to the regulationadtgpbcnemius force during standing.

In this study we ask whether the recruitment ordiseharge rate of motor units in the
human MG muscle is the predominant mechanism cémtrol of ankle torque during
standing. Three possibilities could account forghaeration of impulsive ankle torque
in standing: i) Short periods of higher dischargge rof the MG motor units, interposed
between periods of lower rate; ii) Besides, orddition to, the variation in the
discharge rates of active units, additional motatsuof higher threshold are re- and de-
recruited in short bursts; iii) Motor units are tshiedon andoff, intermittently
throughout standing. The third condition imposesqus when MG motor units aaéf
and the muscle is then silent (Ashal. 2009), whereas the two former conditions
imply continuous MG muscle activity throughout starg (Maurer & Peterka, 2005;
van der Kooij & de Vlugt, 2007). Given the phasature of the gastrocnemius muscle,
especially in relation to the tonic soleus musEleGiulio et al. 2009; Josepkht al.

1955; Mori, 1973), the intermittent recruitmentrobtor units is expected to account for

the postural activation of the MG muscle.

If gastrocnemius force in standing is regulateddnyuitment then why or when are the
motor units recruited? What mechanism triggersahasts? Does the triggering depend
on the body state (i.e., position/velocity)? Ddegepend on a temporal process in the
nervous system that is unrelated to motion of thayl{i.e., some sort of internal
irregular clock or cycle)? Previous, experimentatience shows that: i) during
standing, 2-3 muscle impulses are produced pensgtmramet al. 2005); ii) during
visual manual control of an inverted pendulum sciigj@dopt a modal rate of 2-3
actions per second when controlling position arldorgy (Loramet al. 2011); iii) when
the load time constant is altered, there areztdlcontrol movements per second
(Loramet al. 2006). This latter observation supports the naotiat the modal rate of
actions is regulated according to an intrinsic terapprocess rather than motion of the
body, which would depend on the time constant efitlad. Therefore, we further ask
whether there is evidence of recruitment with a ahodte of two-three recruitments per

second and/or whether recruitment is related taanadf the load/body.



The mechanism governing the recruitment of MG matuots in standing, together with
the main issue on the control of motor units, ammarised in three main questions
addressed in this study: i) Does the number obagiptentials of individual motor
units increase with sway position and/or velocityWhat is the cause of variations in
the number of discharges; is it the recruitmerddufitional units, the increase of the
discharge rate of active motor units, or both?fithe recruitment of motor units
accounts for the variation of standing ankle torghen, what accounts for when the

motor units are recruited?



Methods

Subjects and protocol

Nine healthy subjects (24 — 35 years; 152 — 18156 82 kg; one female)

volunteered to stand at ease for 60 s, with thensaesting alongside the body and
their feet in parallel and comfortable positionl #dbjects provided written informed
consent before participating in the study. The exrpental protocol conformed to the
latest amend of thBeclaration of Helsinki and was approved by the Ethical Committee

of the Region North Jutland, Denmark.

Eyes open and eyes closed trials were applied twiitk 2 min interval. As the body
sways change with intention (Loram & Lakie, 200Zbjects were instructed to not
concentrate on the task. To ensure that subjects dvgtracted from the standing task,
they were engaged into active conversation, witlebanging their body orientation. As
the visual input did not affect the recruitment aigtharge rate of motor units, the eyes

open and the eyes closed data were collapsed.

Experimental setup

Detailed information on the recording of EMGs waseg in a previous paper (Vieigh
al. 2011). In brief, intramuscular EMGs were recordatth three pairs of Teflon-coated
stainless-steel wire electrodes (0.2 mm diametdy] 8ystems, Carlsborg, WA),
inserted into three locations along the MG musdta & 25-gauge hypodermic needle.
Given the pinnate geometry of the muscle, eachgdalectrodes was inserted into a
different group of muscle fascicles (Figure 1)sHy, the location at which the most
distal fascicle in the MG muscle attaches to thgesdiicial aponeurosis was identified
with ultrasound imaging and marked on the skin{Fegl). After that, the distance
between this location and the popliteal fossa waasured. Finally, to account for
differences in the leg length between subjectspthes of electrodes were separated
from each other by 0.85with the first pair being inserted @ above the distal
extremity of the superficial aponeurosis (Figureldshed line). The locations of EMG
recordings were classified BGgg, (0.1d above the distal extremity of the superficial
aponeurosisMGysy, (0.151 proximal toMGggy, location) andViGege, (0.3d proximal to

MGgoe lOCation).



Amplification of intramuscular EMGs varied betweg®0 and 5000, to provide the
highest signal-to-noise ratio without saturatiorira action potentials (10 Hz — 5 kHz
bandwidth; EMG-USB2, OT Bioelettronica, Italy). Hoontal and vertical ground
reaction forces were measured by using a force-ph four strain-gauge sensors
(OR6-7 AMTI, Watertown, MA). Forces and EMG signalsre synchronously
acquired with a 12 bit A/D converter (= 2.5 V dynamange) and sampled at 10 kHz.
The position of the body centre of pressure (Co& valculated from the ground

reaction forces.

Decomposition of EMG and estimation of body position and velocity

Initially, intramuscular EMGs were filtered betwe@rd and 1.5 kHz with a digital
Butterworth filter (2 order; zero-phase distortion). Individual traifisrmtor unit

action potentials were identified by first autornatly decomposing the filtered signals
with the tool EMGLAB (McGillet al. 2005). Then, missed potentials, or potentials
obscured by the superimposition of the activitgidferent motor units, were corrected
manually. The firing pattern information concernihg@ EMGs recorded from the three
locations along the MG muscle were pooled to ingagt how the motor units are

activated for the stabilization of body sways inefjgtanding.

Modulations in recruitment and discharge rate ofananits during quiet standing were
evaluated in the phase plane (velocity versus iposiif the body). After decimation of
the CoP time series to 20 Hz, the position of théylcentre of gravity (CoG) was
estimated with the method of low-pass filtering (@eet al. 1997). CoG velocity was
computed by differentiating CoG position. Albeietmethod of low-pass filtering
performs marginally worse for the estimation of Gué&ition, when compared with the
technique of double-integration of shear forceddhd et al. 2004), low-pass filtering
does not constrain the CoP and CoG positions tocm® for instants of zero horizontal
acceleration. Such a constraint produces discatigsun the CoG position

(unpublished observations).



Motor unit activity in the phase plane

The contribution of motor units in the MG musclehe control of body sways was
investigated, initially, by quantifying how frequgna motor unit discharged at a

certain body position and velocity. The distribatiaf CoG position and velocity was
partitioned into ten bins, each comprising 10%hef $amples. The first and the last bins
were excluded to avoid the counting of dischargesihcommon body states. Instants
of motor unit discharge were used to interpolatetiime series of CoG position and

velocity and, thus, to identify to which bin eadedaharge corresponded.

Predominance of either recruitment or dischargeirabody stabilisation during quiet
standing was assessed in the phase plane. The nofrdmive motor units and their
discharge rate were quantified for the bi-dimenaialistribution of CoG position and
velocity. A motor unit was deemed to be activeda@pecific body state if one

discharge, at least, occurred within one of thatgigrcentiles of the distribution of

CoG position and velocity. The discharge rate ¢ivaanotor units was calculated as

the reciprocal of inter-pulse intervals (i.e., perbetween successive discharges). For
each subject and for each of the 64 bins in the@p&ane, the number of active motor
units and their discharge rate were averaged.dicdéise none motor units discharged
within a specific bin, the number of active unitasaconsidered to be zero and the mean

discharge rate was not computed.

Satistical analysis

Variations in the mean discharge rate and in thebar of active motor units during
standing were tested using a multivariate analysigriance MANOVA (8 position

bins x 8 velocity bins). Parametric testing wasl@polafter we ensured the variables to
distribute normally across CoG position and velpdince the statistical significance
was verified, the degree of dependence of the nuoftactive motor units and of their
discharge rate on the sway position and velocity tgated with the Spearman (for the
number of units) and Pearson (for the discharg® catrrelation. For clarity, the
statistics used to compare the features of intéentictivity of motor units are stated in

the Results section. Group data are presentedwatn and standard deviation.



Results

Summary of results

On average, twelve motor units per subject werastified in the intramuscular EMGs
recorded from the three locations in the MG musdide subjects stood at ease. None
of the active units discharged continuously dutimgwhole standing duration. The
likelihood of observing motor unit action potensigtcreased linearly with the forward
sway velocity (PearsoR = 0.40;P = 0.002) and with the forward body positidh%
0.63;P < 0.0001). This increase was explained, mainlythigyrecruitment of additional
motor units when the body moved forward or whanatved faster (MANOVAP <
0.0001 in both cases; N = 8 bins of position aridargy). The discharge rate of the
active motor units did not depend on the body pmsgMANOVA, P=0.47; N=8
bins) and showed a somewhat abrupt increase wily selocity (MANOVA,P = 0.02;
N = 8 bins). Strikingly, motor units were recruitediermittently during standing, with a
modal frequency of two recruitments per seconds&hesults are detailed in the

following.

Periodical activity of motor units during standing

Intramuscular EMGs were recorded from the MG muszlavestigate whether
modulations in the activity of motor units accoufasthe active control of human
standing posture. If the activation of MG motortardoes not relate to the control of
bodily sways, then, the number of motor unit acpotentials would not change

throughout standing.

Results of a representative subject, shown in Eigureveal that MG motor units did
not discharge continuously in the standing positleriods of motor units silencing (

1 s) were alternated with similar periods of atyiysee EMGs and stabilometric data in
Figure 24). The alternation between silencing and firing whserved for all the eight
motor units identified from the three EMGs in thishject (see firing patterns in Figure
2B). Close inspection of Figure 2 suggests the diggsaof motor units to occur more
frequently when the body position locates more tooi.e., the spikes in the EMGs
and the firing pattern of individual units matcle tinstants in which the body CoG is

forward).



In fact, motor units discharges distributed uney@mithe phase plane representation of
the bodily sways. Figure 3 shows the phase plamesentation for two representative
subjects. Each coordinate in the phase plane (selagity x sway position)
corresponds to a single motor unit discharge. Meeage velocity and the average
position of the body during the whole standing testespond to the origin in the phase
plane. Activation of motor units in the MG musatdldwed consistent trajectories in
the phase plane, residing chiefly in the first fmdth quadrants. These quadrants
define regions of transition in the direction of&eways, from the forward to the
backward direction. Dense clusters of dots in Fegliare more frequent as the position
of the body CoG is progressively more forward. Aligh such an increase in the
concentration of dots with the sway velocity isslesident, it indicates some reliance of

motor units activity on the body position and vaéipduring standing.

Motor units discharges are regulated by the sway velocity and position

Averaged data across all participants indicatetttielikelihood of an individual motor
unit to discharge was significantly related to sy velocity and position (ANOVA,
P =0.0001; Figure 4). Subjects from whom more matats were identified during
standing were more likely to show a high numbedis€harges across different body
states. For this reason, it was necessary to nmerthle total number of discharges
occurring within each bin of velocity and positiboy the number of motor units
identified (Figure 4). Indeed, individual motor tendischarged progressively more as
the body moved faster in the forward direction (BeaR = 0.40;P = 0.002) and when
the body position shifted from back to forwaRI< 0.63;P < 0.0001; dashed lines in
Figure 4). The increase in the number of dischangtsssway velocity was less steep
when compared with sway position, as motor unitlthsged less frequently for the
extremely fast body movements in the forward diogc{see the two greatest

percentiles in Figure 4).

Recruitment and rate coding: which predominates during standing?

The recruitment of additional motor units, the gase in the firing rate of active units,
or both mechanisms, might explain the greater nurobeischarges with the forward
body shifts and with the faster forward movemehtgyre 4). We are interested in

10



knowing whether one controlling mechanism predomemaver the other. If the
regulation of body sways results chiefly from tkeeruitment of motor units, then, the
number of active units, but not their rate of deagje, would vary with the sway
velocity and position. It is worth noting here thia¢ selective wires that we used for
EMG recording obviously limit the detected motortsiio a smaller number than the
active units. When we refer to number of recruitamtor units in the following, we thus
mean the number of motor units recruited that cbeldietected by the recording wires.
This limitation of the approach, which is commoratomotor unit studies, does not

influence our conclusions (see Discussion).

The average number of motor units active and @nerage discharge rate distributed
unevenly in the phase plane (Figure 5). Contowslim Figure 5 denote regions in the
phase plane where the number of active units ar discharge rate changes (Figure
5A,B). The recruitment of motor units varied signifidgirwith either body position or
velocity (MANOVA, P < 0.0001 in both cases; N = 8 bins). From the cral

backward sway (third quadrant in the phase plam#)a end of forward body
movement (first quadrant), the mean number of aatiotor units increased from one to
nine (Figure B). Assuming a similar discharge rate at recruitnfenall motor units,
this rate of recruitment implies an increase by200 number of discharged action
potentials. Considering this same trajectory inghase plane, the average discharge
rate of active units accounted for only a 67% iaseein number of action potentials
(from 6 pps to 10 pps; Figurdh This variation in rate coding was significantass
sway positions (MANOVAP = 0.05; N = 8 bins) or sway velocities (MANOVR,=
0.001; N = 8 bins). Interestingly, motor units diaoged more frequently in the second
and first quadrants, with a somewhat decreaseein discharge rate in-between these
two regions (FigureB). Interaction between position and velocity bing rbt

influence the recruitment nor the rate coding of kGtor units (MANOVA,P > 0.5 in
both cases; N = 64 bins).

Although both mechanisms were significantly relatethe position and velocity of the

body, the recruitment of motor units rather thae raodulation was more strongly

associated with the control of bodily oscillatiolfie mean number of motor units

11



active correlated more strongly with sway veloeitd position (Figure&) when
compared to the average discharge rate (FigBye\With the increase in sway velocity

or position, the number of active units treblede Thlative increase in the discharge rate
of active units with the sway velocity or positismas not higher than 50% (compare the
average discharge rate between the third and eggrtdentiles in FigureB). This
relatively small increase in discharge rate waenkei even when excluding the motor
units recruited for velocity and position percesgigreater than 30% from the
computation. Actually, individual motor units rayalischarged at rates higher than 12

pps (Figure A).

Intermittent activation of motor units and its representation in the phase plane

Given the predominance of recruitment of MG motoitsiin standing, we further ask
which mechanisms might have triggered the recruitroéthese units. One possibility

Is that recruitment occurs at a regular interval. (internal mechanism of triggering).
Alternatively, recruitment occurs whenever a stiEpendent threshold has been passed
(i.e., event related mechanism). Our results iridit@at recruitment depends on both

mechanisms, as detailed in the following.

Very frequently, motor units discharged below thggological, minimal tonic rates (<
4 pps; Figure &). These occurrences were considered as repregelgiacruitment
followed by re-recruitment of motor units. Despite high number of occurrences for
instantaneous discharge rates ranging from 7 fgp$labout 20% of the values for
instantaneous discharge rate were distributed leetiieand 4 pps (total number of
cases equals 7164; Figur®)7The interval between successive motor unit igoents
did not distribute uniformly during standing. Strigly, the histogram shown in Figure
7B indicates a clear, modal interval between suceesabtor unit recruitments (500

ms; i.e. individual motor units were preferentiaigcruited twice every second).

The instants of motor unit recruitment had, in &ddj a definite representation in the
phase plane, with motor units being triggered ¢hiefthe first quadrant (FigureCj.

On average, events of motor unit recruitment weoeentikely to occur as body position
shifted forward (P = 0.0001, N = 7 subjects). Aligb less strongly, the body velocity

12



also affected the probability of triggering motaits (P = 0.02, N = 7 subjects).
Interestingly, motor units were very rarely recediin the third quadrant (i.e., when

subjects swayed backward; Figui@).7

Discussion

When subjects stand quietly, their spontaneoudyediays are regulated with a series
of impulsive adjustments in ankle torque (Loretnal. 2005). The recruitment of motor
units, the temporary modulations in the rate coaihgnotor units, or both, might
account for the production of impulsive, postungkla torque. From intramuscular
EMGs of seven subjects, we observed that stabdisaf standing posture relies mainly
not on the discharge rate but on the number ofwadtive in the MG muscle (Figure 5
and 6). Also, motor units were recruited at spec#igions in the phase plane and with a
regular interval (i.e., two recruitments per secdfigure 7). These results indicate that
postural activation of the MG motor units is nohttouous. It consists in a series of
discrete, sluggish and regular actions triggeredming to the position and velocity of

the standing body.

Recruitment or discharge rate: which compensates for the body sways?

Our results indicate that ankle torque in quiengtag is controlled by the selective
mobilisation of varying number of small units. Whie body swayed in the backward
direction, motor units in the MG muscle were swadloff progressively. The number
of motor units active decreased from the fourtthethird quadrant in the phase plane
(see Figure B). Once the subjects initiated a forward sway,(geavity accelerates the
body forward), falling was prevented not with tlagercoding of the active units but
with the recruitment of motor units. The more fordiéhe body swayed, the higher the
number of units activated (see Figurg fom the second to the first quadrant). Active
contribution of the MG muscle to the ankle torganetanding is preferentially due to

the recruitment of motor units.
The predominance of recruitment over rate codimndwstanding is likely accounted

for by stabilisation demands. When subjects aredsk contract their muscle

isometrically, they show a preferential reliancetlos discharge rate for the regulation
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of muscle force, with the firstly recruited (smaleunits typically reaching higher
peaks of instantaneous firing rate (Bigland & Lifthd 954; DeLucat al. 1982; Person
& Kudina, 1971). In virtue of their low recruitmetitreshold, the postural motor units
in the MG muscle are likely able to discharge at &s well as at high rates. Then, one
would expect the rate coding of MG units to haveae significant contribution, than
it apparently has, to the compensation of bodilgysFigure 5 and 6). However, MG
contraction in standing is nearly isometric, withytvariations in muscle length
occurring in standing (Lorarmt al. 2005). Also, the bipedal, standing body provides t
nervous system with a short interval for the isgwohstabilising actions (i.e., the time
constant of the falling body ranges from 0.50 &8, depending on the passive
muscle-tendon stiffness which is limited by the Mek tendon stiffness; Jacorbal.
2004; Loramet al. 2006, 2009). For this reason, compensation ofdiveard, bodily
sways demands prompt rather than smooth increashs torque of ankle extension.
While the rate coding would take time to grade ari@rque, recruitment is intrinsically
impulsive (Marianiet al. 1980); it allows for the instantaneous gradatibstabilising
ankle torque in standing (see variations in CoRtiposwith respect to the firing pattern
of motor units in Figure 2). The discharges of pyation of briskly recruited units
‘abruptly throw the muscle into action’ (DesmedGbdaux, 1977; p. 689), likely
benefiting from the intensification of the muselgive state (i.e., greater capacity of the
muscle to develop tension) for the sudden regulatfanuscle force (Desmedt &
Hainaut 1968). Indeed, the lowering of the recremirnthreshold of motor units,
observed in dynamic contractions, is an evidendb@fmportance of recruitment at an
early stage of the movement (Theeuwteal. 1994; Taxet al. 1989), in particular when
the movement is performed ballisticaly (Desmedt 8d&ux, 1977). Therefore,
recruitment of motor units is better suited thae @ding for the stabilisation of

spontaneous sways occurring in human quiet standing

Muscle anatomy might also explain the preferencéhie recruitment of motor units in
regulating the ankle torque during standing. Wherjexts are asked to vary the muscle
force linearly to some percentage of their maximtonexample, the relative
contribution of recruitment and rate coding app¢adepend on the muscle anatomical
size. DeLucat al. (1982) observed that while motor units in the $ifiait dorsal

14



interosseous muscle increase their discharge madetbly to regulate the force of finger
abduction, the linear increase in force producethbyarger, deltoid muscle shows
greater reliance on the recruitment rather thatherrate coding. Consequently, the
more motor units a muscle has, the finer the reoent of units seems to account for
the gradation of its force. The gastrocnemiuslé&@e muscle, containing a larger
population of muscle units (~550 units) when comeddo other small muscles, like the
first dorsal interosseous (~100 units; Feinsetia. 1955). In virtue of this considerably
large number of motor units in the MG muscle, tidividual contribution of each unit
to the muscle force posits a small fraction ofrtinescle maximal force. Interestingly,
the motor units in the MG muscle of the cat shdwaad spectrum of tetanic tension,
ranging from 0.5 g to 120.0 g (Wuerlatral. 1965). Additionally, these authors
observed that the most excitable units in the catpvioduced smaller values of mean
tetanic tension (4.9 g) than those residing inntmogeneous soleus muscle of the cat
(6.8 g). Therefore, the recruitment of motor umtshe MG muscle during standing

suits not only for the immediate, but also for sineall regulation of ankle torque.

Notwithstanding the fact that control of MG foreepredominantly due to the
recruitment of motor units, small variations inerabding occurred while subjects stood
at ease (Fig. 6). Is this slight, significant chamngrate coding functionally relevant?
Considering that motor units were active duringbintervals (median duration: 0.49 s;
interquartile interval: 0.20 — 1.31 s; N = 12924i8), the average increase of two pulses
per second (Fig. 5 and 6) would lead to one additidischarge per unit. Conversely,
the recruitment of one additional unit would resalfour additional discharges; the
number of additional discharges per unit is thedpob between its average discharge
rate and duration (i.e., 8 pps multiplied by 0.48edds about four discharges per unit).
Regardless of whether the variation in rate codicgurred within or between the short
intervals of MG activity, its contribution to thetal ankle torque in standing is
functionally marginal with respect to that resugtinom the recruitment of motor units.
Additionally, it is worth mentioning that we anaégsa subsample of the active, postural
units. Because we used selective wire electrolesaamber of detected units is much
less than the number of active units. Having loakiesubsample of active units,

however, does not influence the conclusion of pnr@dance of recruitment over
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discharge rate for the regulation of MG force ansling. Indeed, it indicates that the
number of recruited units is much larger than we a@etect so that the predominance of
recruitment over modulation in discharge rate wdadceven more evident if a greater

sample of motor units could be detected.

When recruitment occurs? What theories of control of standing isit relevant to?
Understanding how the nervous system stabiliseBuh&an quiet standing posture has
been the subject of several theoretical investgatilt is commonly accepted that
sensing the body state and issuing appropriatalsigafter some delay, to the ankle
extensors are both mechanisms involved in stabdisaOn the other hand, the nature
of these signals and of how these signals areerggbis controversial. One possibility
posits the continuous regulation of ankle torquendustanding (i.e., the calf muscles
are active uninterruptedly; Peterka, 2002; Maurd?ekerka, 2005; Masasdi al. 2006;
van der Kooij H & de Vlugt E, 2007). Alternativelgpme authors suggest the control of
standing posture to depend on intermittent torqusgs, triggered either according to
specific body position and velocity states (Astaal. 2009; Bottarcet al. 2008) or to
some intrinsic, internal temporal process thatsakeharacteristic time (e.g., a modal
time of ~ 0.5 s, (Loramt al. 2011)). Our results show that activation of the kGscle
in standing is intermittent and not continuous hviite recruitment of motor units
depending both on the body position and velociyesand on an internal process
(Gawthropet al. 2011).

Intermittency of MG activity during standing marsfed in two forms, with intermittent
recruitment of units occurring at long (>1s) andr$ii~500 ms) intervals (see Figures 2
and 7). Interestingly, periods of active silenciogger than 1s coincided consistently
with the periods of backward sways (Figufg).7The fact that, in quiet standing, the
body centre of gravity is ahead of the ankle jgih¢llebrandt, 1938), in addition to the
absent recruitment of motor units in the MG mustlspecific body states (Figur€)?
are evidences supporting the deactivation of aekiensors when the body sways
backward. In the more backward position, activabbankle extensors would threat
stability by eventually slanting the body furthexckward over the ankle. Reversion of

backward sways could in principle be due to aatiervention of ankle flexors (e.g.,
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tibial anterior muscle) or due to gravity. The f@mpossibility is unlikely to occur, as
EMGs recorded from ankle flexors in standing rastlgw potentials (Di Giuliet al.
2009; Josepht al. 1955). The nervous system, then, appears to thkengage of the
pull of gravity to provide an economical solutiar the stabilisation of the unstable,
standing body. Indeed, the generation of impulges\erse the bodily sways proved to
demand less than half of the energy required tulsa the standing posture with
continuous controllers (Bottarh al. 2008). Therefore, activation of the MG muscle in
standing is event driven; it occurs chiefly on ithi@ation of forward sways. This state-
dependent activation of motor units likely relati@she minimisation of unnecessary

muscular effort in standing.

Intermittent recruitments at long intervals (>Josturred on the initiation of forward
sways, whereas short interval (~500 ms) recruitseonturred throughout individual,
forward sways. What might be the origin of the o#onent of MG units at short
intervals? When subjects stood at ease, their pisiscillations had a modal duration
of ~2 s (N = 7 subjects; see also Loreral. 2005). Thus, if the periodical motion of

the standing body determines the rate of recruitnve& would expect the MG motor
units to be recruited once every 2 s. Clearly aberage duration of postural sways does
not account for the modal interval of 500 ms (Feg®) between recruitments.
Additionally, this modal interval is not congruemith the summed delay of sensory and
motor transmissions observed in reflex responsé8(Q«ns; Nardone & Schieppati,
2004). There might, then, be an internal processtcaining the rate of recruitment of
the postural MG motor units. In manual trackingiopredictable stimuli, for example,
subjects control movements with a series of 2-Bdbial actions per second (Craik,
1947). If issued at intervals shorter than hakkeosd, successive controlling actions are
disrupted and accuracy is thus lost. This tempmastraint was attributable to a
psychological refractory period (Craik, 1947). Eamdes of psychological refractoriness
in standing firstly manifested as impulsive vanas in the calf muscles length, with the
soleus and MG muscles showing 2-3 shorteningsquemsl (Loranet al. 2005). The

rate of 2-3 actions per second was also observidgeimanual control of an inverted
pendulum and remained invariant as the load tinmstemt was systematically altered
from 0.5 sto 1.02 s (Loraet al. 2006). Here, we show that the ubiquity of two @usi
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per second extends to the level of motor unith@&MG muscle. The rate of two
recruitments per second is consistent with thetexee of a psychological refractory
period (Craik, 1947) and strengthen the notionfpih recently that stabilisation of
standing posture involves an intrinsic, higher lgalanning process (Loraet al. 2005,
2006, 2011).

Although the intermittent recruitment of posturabtor units seems to be subjected to
the psychological refractory period, it is unlikelgsociated with performance. By
tapping gently on a joystick, subjects do succeestabilising a virtual second order
load with median intervals between successiverapging from 0.4 to 1.2 s (Loraeb

al. 2011). They adopt the modal rate of two actionsspeond only when pushed to
prioritise performance (i.e., they focus on minimgsload velocity or variations in load
position; Loramet al. 2011). Performance, however, is not critical emsling, unless
subjects are asked to minimise their sways (LorabraKie, 2002b). The triggering of
units at lower or higher rates in standing, themassibly constrained by the time
constant of the falling body and the period of p®fogical refractoriness, respectively.
Delays introduced by successive recruitments atrédes (lower than 2 actions per
second) would overtly hinder stabilisation. Conegrsrecruitments triggered at high
rates (higher than 2-3 actions per second) woulghravide the control system with
sufficient time for planning and executing actighsramet al. 2011). The modal
interval of 500 ms between recruitments of MG ursitsot only evidence of an intrinsic
temporal process which plans and thus triggers isngiactions in standing (Loraah

al. 2005, 2006, 2009, 2011). It also reflects an &fifit; intermittent controller of the
postural sways, which is more economical and maegdnt to precision than
continuous controllers (Asat al. 2009; Bottarcet al. 2008; Loranet al. 2011).

Which physiological mechanism might account for the intermittency of postural units?
While motoneurones appear to be differentiatechasc and tonic cells (Bradatal.
1997; Graniet al. 1956), the intermittent recruitment of motor uratsserved in this
study is unlikely due to their intrinsic properti€hasic motor units, which are also
large motor units (i.e., type FF units; Burke, 1p&B8e those not able to discharge

continuously for long periods; they discharge ragtertly. The intermittent behaviour
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of these phasic units is governed inherently by tbev oxidative metabolism (Bradac
et al. 1997). Postural motor units, however, are smajhllg excitable units and, thus,
capable of discharging tonically (Burke, 1968). Titermittency of the postural MG
motor units, then, is not a consequence of theisigliogical inability to sustain firing.
There is not a physiological constraint limiting titmost excitable units to be activated
at periodical intervals as short as 500 ms. Everhttimogeneous, red soleus muscles,
for example, acts phasically in vertical jumps (Wsleyet al. 1978). Therefore, the
intermittent recruitment of postural motor unitse MG muscle likely reflect the
control of an unstable body with a series of disgrkallistic-like actions, rather than
their intrinsic properties.

Intermittent activity of motor units is similarlyohattributable to synaptic noise. Motor
units discharge either tonically or phasically, eleging on how much their recruitment
threshold and the target force differs. Typicallifference of 10% of the maximal
muscle force is sufficient for a tonically activeitto discharge intermittent trains of
potentials (Rileyet al. 2008). Random fluctuations in the synaptic inpopinging upon
the ventral horn cells usually accounts for theasamnal occurrences of instantaneous
discharge rate below physiological levels (i.e. pp$; Person & Kudina, 1971; Riley
al. 2008). The occurrences of low discharge ratesrebddor the postural MG motor
units, however, were consistent and not occasi@aahpare our FigureA'with the
Figure 5 in Person & Kudina, 1971). This consisyergflects a genuine, physiological

mechanism of intermittent, postural control of thenan MG muscle.

Intermittent recruitment of postural MG units maytegulated by two physiological
conditions: i) uniform distribution of synaptic inpto a set of motoneurones which
have similar activation thresholds. In this caseals changes in synaptic input, not
substantially affecting the discharge rate, woulsbpce recruitment of many
motoneurones; or ii) non-uniform distribution ohgyptic input across the postural
motoneurones. Recruitment may, then, occur byting the input to some
motoneurones without substantially increasing tipaii to already active
motoneurones. Our results do not allow for ruling @ne of these two possibilities.

However, the second hypothesis is in agreementtivtlobservation that localised
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stretching of the cat gastrocnemius results inlieed reflex responses (Eng & Hoffer,
1997). Providing that motor units have small terrés with respect to the MG length
(Vieiraet al. 2011), it is in principle possible that recruitmeccurs for motor units
localised along different MG sections and thastanding, control of the
gastrocnemius muscles is due to the flexible atrtimaof localised muscle units (Vieira
et al. 2010).

Conclusion

The rate coding and the recruitment of motor unithe MG muscle were studied to
identify which mechanism contributes most to thetoa of human standing posture.
Our results indicate that postural activation & G muscle was accounted chiefly by
the recruitment of motor units. Also, we have shdkat recruitment depended on the
body position and velocity, with motor units beiingtly recruited only on the initiation
of forward sways. This active silencing of motortsiin the more backward positions
indicates the minimisation of muscular effort iarsding. Of particular physiological
relevance was the fact that motor units were resmluntermittently, with a modal rate
of two recruitments per second. Similar rates ¢tibas have been consistently observed
when subjects balanced an unstable load, eitheuafigiror using their calf muscles.
The modal interval of 500 ms between successivelitagent of MG motor units
advocates the notion of an internal, temporal get¢eggering impulsive muscle

actions for the control of human standing posture.
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Figure Captions

Figure 1: Location of intramuscular electrodes

Pairs of wire electrodes were inserted at threatioos in the medial gastrocnemius
(MG) muscle. The most distal pair of electrodes masrted at 10%dGgos,) Of the
distanced between the superficial extremity of the mostaliG fascicles (identified
with ultrasound imaging; dashed line) and the fgeglicrease. The distance between
the location where the other two pairs of electsodere inserted, with respect to the
MGggo, location, equalled 0.16(MGysy,) and 0.30 (MGgoo). Needles were inserted at
approximately the same depth, thus ensuring tleatreldes in different locations

recorded from distinct muscle fascicles.

Figure 2: Firing patterns of motor units during quiet standing

A, shows the centre of pressure (CoP) and the cehgmavity (CoG), computed for the
subject 1 during 35 s of quiet standing, and thedlntramuscular EMGs. The firing
pattern and the averaged action potential of thletenotor units identified in the three
EMGs are shown iB. Vertical bars denote the instant of each motdardiacharge.
Note that periods of motor unit activity coincidesstly with the time instants of shifts
in the body CoG from a more backward to a more &daposition.

Figure 3: Motor unit discharges in the phase plane

CoG velocity (ordinate) versus position (abscissg)otted for the instants in which 13

motor units of subject 1 (top), and 14 motor umifssubject 7 (bottom), discharged
during the 60 s of standing. Dashed lines mark zetocity and zero position. Zero

position means the average CoG position throughktantding. Motor units discharges
do not distribute uniformly on the phase plane.yTaee rather concentrated in the first
and fourth quadrants, where the transition betweemard and backward sways occurs.

Figure 4: Reliance of motor unit discharges on bodposition and velocity
The mean number of cases (N = 7 subjects) wherermait discharges were found to
occur inside each of the eight percentiles, betwEg¥ and 90%, are shown for the

distribution of CoG velocity (top) and position (bmm). Whiskers correspond to
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standard deviations. Number of cases was normalzethe total number of motor
units identified for each subject. Fifty percentresponds to zero velocity and zero
(average) CoG position. Dashed lines correspomdgression lines, estimated with the

method of the least square error.

Figure 5: Recruitment and discharge rate of motor mits in the phase plane.

A, shows the average number of active motor units (Nsubjects) in the phase-plane.
Contour lines denote regions in the phase-planereviiee number of active units
increased by ondB, shows a similar plot for the average discharge adtindividual,
active motor units. Contour lines indicate an iaseein the average discharge rate of
0.5 pps. The lighter the region in the phase-pl#me more motor units active and with

a higher discharge rate.

Figure 6: Motor unit recruitment accounts for the gabilisation of body sways

The number of motor units active (top) and theierage discharge rate (bottom) are
plotted across the eight percentiles, from 10% @69 of the distribution of sway
velocities @) and sway positionas]. The Pearson correlation coefficien® and their

P values are shown for each plot. Note that thdivelancrease in the number of active
units with sway velocity and position is far highiean that in the average discharge rate

of active units.

Figure 7: Intermittency of motor unit recruitment d uring standing.

A, shows the histogram of the instantaneous firaig pooled for all motor units and all
the seven subjects tested. Note that the distabwif instantaneous discharge times
ranged from 0.5 to 13.5 pps, with one clear pealtred on ~9 pps and another less
evident peak located from 2 to 3 pBsillustrates the distribution of the interval
between successive recruitments of individual motots, with a clear peak centred on
500 msC, shows the average number of occurrences of nuaiorecruitment (N =7
subjects) in the phase-plane. Brighter regionscatéi more occurrences of recruitment.
Contour lines denote regions in the phase-plangevhe number of recruitment events

increased by one.
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Figure 3
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Figure 4
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