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Abstract

We investigated the influence of the ageing process on the performance of the motor control system accuracy during a
challenging motor task throughout the analysis of force output oscillations. The force signal of the first dorsal interosseous
during linearly varying static contraction, 0—100-0% of the maximal volitional abduction in 15 s, was studied in 11 young
and older adults. The relative error between the target and the actual force as well as several parameters of the force oscilla-
tions (corrections) were estimated. To understand the experimental results, we analyzed the force output generated by a set
of computational simulations of a pool of motor units controlled by a proportional—integral-derivative system. Compared
to young adults the older subjects presented larger errors and a lower number of corrections with longer duration and larger
relative amplitude. The motor control system modelling varied the error update frequency (UF) of the controller (from 1 to
2.5 Hz) as well as the range of contraction time (CT) of the recruited motor unit (30-90 ms and 60—120 ms reflecting young
and old ranges, respectively). The simulation generated force profiles with parameters similar to experimental recordings in
young (UF=1.5; CT 30-90 ms) and older (UF=1; CT 60-120 ms) adults. Interestingly, the results of the simulations sug-
gested that the improvement in the error update frequency of the controller was not able to compensate for the contractile
changes in the motor unit twitches. In conclusion, the peripheral contractile changes with age can influence motor unit control
strategies and represent a crucial phenomenon in the generation of larger force oscillations in older adults.

Keywords Force unsteadiness - Ageing - Force output simulation

Introduction

The force fluctuations during isometric contractions and the
precision of the motor output may be influenced by several
factors: the investigated muscle group, type, speed, intensity
of contraction and the motor skills of the subject (Enoka
et al. 2003; Christou and Tracy 2005). In general, older
adults (O) have lower precision of motor control compared
to young (Y) adults (Oomen and Van Dieén 2017). Reduced
motor control performance has been first attributed to the
greater variability of motor unit (MU) inter-spike intervals
(Christou and Tracy 2006; Moritz et al. 2005) and the more
variable level of MU recruitment (Jesunathadas et al. 2010).
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Later investigations, however, could not confirm this hypoth-
esis. For instance, it has been shown that the variability in
the inter-spike intervals of individual motor units recorded in
older adults was similar to young adults (Barry et al. 2007).
Recently, the debate has been partly addressed showing that
the variability of force oscillations are reflected in the low-
frequency components of the neural drive to muscle (Negro
et al. 2009; Dideriksen et al. 2012; Farina and Negro 2015).
These oscillations are generated by the shared synaptic
inputs to the motor neurons that originate in the spinal and
supraspinal centers and are responsible for the error correc-
tions during voluntary control of precision forces (Negro
et al. 2016).

Few papers have investigated the influence of the age-
ing process on the level of force oscillation throughout the
entire range of volitional static effort contractions of small
hand muscles. In the literature, it can be found data from
steady short contractions (Christou and Tracy 2006; Barry
et al. 2007; Castronovo et al. 2018) or increasing decreasing
challenging ramps up to the maximal voluntary contraction
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(MVC) (Orizio et al. 2010). Jesunathadas et al. (2010) stud-
ied force variability in old subjects during up-going/down-
going ramp, but only up to 20% MVC. These studies evalu-
ated the unsteadiness of the force output in respect to the
requested target and the EMG properties, but did not focus
on the identification of the motor control system components
that can change with age and affect the stability of force.
Simple models exist to describe the motor control system
action on muscle mechanical output as the result of the com-
parison between the expected target tension and the actual
transduced force presented at the same time on a computer
screen. The visual information about the instantaneous force
error triggers changes in the synaptic input to motor neurons
(low-frequency oscillations) and consequent variations of
the neural drive to muscle (Fuchs et al. 1989). In this simpli-
fied model, two parameters may have a profound influence
on the precision of the force output: the visual processing
time (central factor) that modifies the update frequency (UF)
of the control signal (synaptic input) to the motor neuron
pool and the MU twitches (peripheral factor) that influence
the low-pass filtering properties of the muscle. It is well
known that both visual processing delay and duration of MU
twitches increase with age (Oomen and van Dieén 2017;
Orizio et al. 2016). In this study, we aimed to understand
the relative role of these two factors in generating the greater
inaccuracy of the muscle output tension in old subjects. Spe-
cifically, the study will focus on:

1. the characterization of the relative error between the
expected target and the actual force in terms of force
signal oscillations (number, amplitude, and duration),
underpinning the motor control compensations in old
and young adults. The variables will be extracted from
a challenging up-going/down-going ramp up to 100%
MVC.

2. the comparison of the variables extracted from the
experimental force profiles with the ones obtained from
a proportional-integral-derivative controller (PID)
(Dideriksen et al. 2017). The force signal for O and Y
will be modelled using different values of the updating
frequency, MU twitch contraction time and MU num-
ber to mimic the known central and peripheral changes
in the motor system of older adults and understand the
contributions of these two factors in the generation of
accurate ramp contractions.

Methods

Eleven young (23.90+3.72 years) and eleven older adults
(69.63 +4.34 years) without neurological or orthopedic
diseases, gave their informed consent to participate in the
study after being given a full explanation of the experimental
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procedure according to the Declaration of Helsinki (1964)
and its amends. The local Ethical Research Committee
approved the proposed experimental design (CEIOC author-
ization: 17/2011).

Procedure

The investigated muscle was the first dorsal interosseous
(FDI). The experimental set-up is represented in Fig. 1.
The forearm of the subject was positioned halfway between
pronation and supination in a custom designed brace and
fixed, at the last three digits of the hand, by straps to the
rigid frame. The index finger and thumb were at an angle
of 90° and the tension during static abduction of the second
digit was recorded through a load cell (SM-50N, Interface,
Arizona, USA) coupled to the second phalanx. Given the
adopted posture, the recorded tension was almost due to FDI
activity. The signal was low pass filtered at 128 Hz before
storing. The signal was A/D converted (LabVIEW 2010
10.0, National Instrument, Austin, TX, USA) and stored at
a sample rate of 1024 Hz in a personal computer for off-line
processing. The maximal voluntary contraction (MVC) force
was determined as the highest of three consecutive efforts
lasting 3 s, with 1 min interval in between. Subsequently,
the subject performed one triangular isometric contraction,
0-100-0% MVC (see Fig. 2 panel a). The rate of tension
increase/decrease during the up-going and down-going
ramps were 13.3% and — 13.3% MVC/s, respectively. The
slope of the force was selected to produce static tension
above 50% MVC during the triangular task for no more than

Fig. 1 Schematic representation of the ergometer for the recording
of the first dorsal interosseous (FDI) muscle tension generated dur-
ing static abduction in the vertical plane of the first digit. The rela-
tive position between the load cell and the index finger is shown.
The angle between the first and the second digit was 90°. See text for
details
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Fig.2 Panel a: the force target and the actual force produced by the
static contraction of the FDI are reported. The grey areas indicate the
ramp periods that were discarded to avoid the analysis of transients
related with initial and final part of the target dynamics. Panel b: The
de-trended force signal is represented

7.5 s, and limit muscle fatigue. The participants received
visual feedback of the normalized exerted force. The target
was shown as a triangular trajectory with two lines above
and below showing the required tolerance (+/—5% MVC).
Before starting with the actual experimental session, a
period of training was granted to familiarize subjects with
the triangular static contraction (0-100-0% MCV) until each
of the participants was able to perform the task correctly.
Verbal encouragement was provided to all subjects during
the entire duration of the experiment.

Simulations

The simulations performed in the present study were based
on a model developed for the FDI muscle which comprised
120 motor neurons (leaky integrate-and-fire) as suggested by
the histological findings (Feinstein et al. 1955). The input
resistance of the motor neurons ranged from 0.6 to 1.6 MQ
and their time constants from 5.9 to 20.4 ms. The threshold
was set to 8 mV for all motor neurons. The discharge of
each individual motor neuron generated a motor unit twitch
force profile according to the Fuglevand model (Fuglevand
et al. 1993). Therefore, the model combined the motor units
mechanical contribution to the output tension summating
MU twitches with an exponential variation of the peak
twitch amplitude (in the range 1-100 arbitrary units) and of
its contraction time (CT) (in the range 30-90 ms).

To simulate the force tracking task performed in the
experimental recordings, the model was driven by a pro-
portional-integral-derivative controller (Dideriksen et al.
2017). The input to the motor neurons was a linear summa-
tion of the synaptic motor command generated by the pro-
portional—integral controller and Gaussian noises (0-50 Hz).
The motor command was a shared synaptic input to all the
motor neurons with a bandwidth defined by the UF of the
controller. UF determined the time interval between two
consecutive estimations of the tracking error. On the basis
of the estimated error, the neural activation signal to the
motor neurons was adapted. Additionally, a constant visu-
omotor delay of 135 ms was included in all simulations
(Carlton 1992). The shared motor command simulates the
slow common drive typically present in motor unit spike
trains recorded in experimental recordings (Negro et al.
2009, 2016; De Luca 1985). The motor units spike trains
were designed using an inter-spike interval variability of
approximately 15% (Dideriksen et al. 2012; Maltenfort et al.
1998). The range of discharge rate of the individual motor
neurons was fixed between 8 and 35 pps. The motor neuron
parameters (input resistance and membrane time constant)
were similar to the ones previously published (Cisi and Kohn
2008; Elias and Kohn 2013; Negro and Farina 2011, 2012)
and selected according to an exponential distribution over
the pool of motor neurons (Fuglevand et al. 1993; Negro
et al. 2016). At 50% of the maximal synaptic input (Burke
et al. 1974; Milner-Brown et al. 1973) all the motor units
were recruited.

To mimic the behavior of young and older adults dur-
ing ramp force generation, simulations were performed
with seven values of the UF of the controller (1, 1.25, 1.5,
1.75, 2, 2.25, 2.5 Hz). Similarly, the range of time to peak
of the motor unit twitches was also shifted from the original
30-90 ms to 60-120 ms with steps of 10 ms. Additionally,
the number of MU was decreased to 70 to simulate a decline
in MU number due to aging and the peak force of the indi-
vidual motor unit twitches were adjusted to obtain a poten-
tiation of 50% compared to the original model (Doherty and
Brown 1997; Semmler et al. 2000). The parameters were
selected to simulate the slowing of the processing/reaction
time and the modified contractile properties of the older
adults (Orizio et al. 2016).

Analysis

The up-going ramp (UGR) is the first part of the exercise
from 0 to 100% of the MVC, down going ramp (DGR) is
the second part of the exercise from 100 to 0% of the MVC.
The first part (0-1.25 s) and the last part (13.75-15 s) were
not considered in the analysis to avoid transients related with
the onset and the offset of the target dynamics (Orizio et al.
2010).
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Error analysis

From the force signal (digitally filtered 0-20 Hz with OT
BioLab 2.0 software) relative error (%Err) was calculated
sample by sample as the absolute difference between the
actual output tension and the target tension scaled to the
target tension itself. The average of the obtained values
was calculated for UGR, DGR and for UGR + DGR.

Spike shape analysis (SSA)

Gabriel (2007) described a method to quantify the oscil-
lations (spikes) in the surface EMG signal. Each spike
was identified as the composition of two subsequent
upward—downward deflections of the signal across the
isoelectric baseline. This approach was applied to the
force signal in our investigation after band-pass filtering.
An example of the force signal obtained after digital fil-
tering (0.2-20 Hz with OT BioLab 2.0) to be used for
SSA is reported in Fig. 2 panel b. In Fig. 3 the spikes
identified by the SSA algorithm (Gabriel et al. 2007) are
shown. The outcome of SSA focused mainly on number
of spikes (NoS), average spikes duration (ASD) and aver-
age spikes amplitude (ASA). The relative average spike
amplitude (RASA) was calculated using the formula
(ASA/MVC*100). Eventually, NoS describes the number
of force corrections performed by the subject to keep the
torque output as close as possible to the required target.
ASD, ASA, and RASA are qualitative parameters describ-
ing the shape of spikes similarly as described by Gabriel
(2007) for the EMG.

L L
- / \/- Y LRWA v/\/

Time [s]

Fig.3 An example of the de-trended force signal is represented. The
squared symbols indicate the minima of the spikes, whereas the cir-
cles indicate their peaks
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Statistical analysis

To compare Y and O MVC values, %Err and the SSA param-
eters from whole contraction (UGR + DGR) a ¢ Test was
used. To compare the %Err and SSA parameters in UGR
and DGR (factor 1) between Y and O (factor 2), two-way
analysis of variance was used after test for normality and
equal variance of the data were passed.

For the simulation force signal, Kruskal-Wallis one-way
analysis of variance on ranks was used to compare SSA
parameters obtained at different UF of the controller and
with different contraction time ranges. The whole statistical
analysis was performed using Sigmaplot 12.0. The cutoff for
statistical significance was set at P <0.05. Pearson’s corre-
lation was checked between %Err and NS, ASA, ASD, and
RASA of the subjects obtained through the whole task. The
data of Y and O were merged.

Results

A statistically significant difference in MVC values between
Y (2.77+0.62 Kg) and O (2.10+0.58 Kg) was found
(P=0.014).

Experimental results: %Err

Two representative trials of an O and a Y adult are shown
in Fig. 4. The black area reflects the amount of %Err. It can
be noted that the black area is wider in O than in Y adults.

The %Err during contraction was significantly greater
in the older than in the younger group. A statistical sig-
nificant difference in %Err between Y (9.52+1.85) and O
(16.81 +4.95) for the whole contraction (UGR + DGR) was
found (P <0.001). The %Err were not different, within each
group, during UGR and DGR (P =0.908), but a statistically
significant difference was found between Y (9.98 +£2.77) and
O (16.15+7.06) for the UGR and between Y (9.06 + 1.69)
and O (17.47 +7.93) for the DGR (P <0.001).

Experimental results: SSA

The SSA parameters were not different, within each group,
during UGR and DGR. NoS (related to the number of force
corrections), ASD and RASA resulted significantly different
in O adults than in Y (Table 1). On the contrary, the absolute
value of ASA never reached a significant difference between
OandY.

Pearson’s correlation test was used to estimate the pos-
sible relationship between SSA parameters and %Err: %Err
tends to decrease as higher as NoS is (correlation coeffi-
cient=—0.620; P <0.05); %Err increased with ASD (cor-
relation coefficient=0.639; P <0.05) and RASA (correlation
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Fig.4 The force signals from two representative young and old sub-
jects are reported. It can be noted that, compared to Y, O subjects
make less and larger corrections throughout the whole UGR + DGR
task

coefficient=0.551; P <0.05). No correlation between %Err
and ASA was found. Similar results for the %Err and the
SSA analysis were obtained by filtering the force signal
between 0 and 5 Hz. This suggests that the oscillations of
the force signal are mostly due to voluntary adjustments trig-
gered by the error between the target and the actual force and
not by physiological tremor oscillations.

Simulation results

In Fig. 5 the force profiles generated by the PID model using
the 30-90 and 60-120 ms MU CT ranges are reported. The
force profiles reported in the figure are related to a frequency
of error checking between the actual force and the target set
at 2.5 Hz. It is evident that the higher range of CTs deter-
mines a lower number of spikes (corrections).

In Fig. 6 the averaged results of the simulations for the
number of force oscillations are shown. In particular, the
number of force oscillations during the whole contraction
(UGR +DGR) as a function of the UF of the controller was
represented for both contraction time ranges. It can be noted
that increasing the UF of the controller, the number of force
corrections increases as well. Interestingly, we found a statis-
tically significant effect of the MU twitch CT range (30-90
or 60-120 ms) on the NoS (P <0.001). The same trend was
found for the other SSA variables. In fact, both ASA and
ASD were significantly higher in the CT range 60—120 ms
compared to the 30-90 ms CT range (P <0.001). Similar
results were found comparing intermediate variations of
CT (40-100 and 50-110 ms), but with smaller differences
compared to the normal case (30-90 ms). Small devia-
tions were observed simulating a significant decrease in the
number of simulated MU and an increase in the averaged

Table 1 Spike shape analysis
results

Time interval of contraction Young Old
1.25-13.75 s (UGR + DGR)
Number of spikes [#] 20.27+3.49 13.09+3.38 ek
Average spikes amplitude [N] 1.87+0.50 2.50+1.06
Average spikes duration [ms] 449.73 +£91.16 732.74+117.43 wE
Relative average spike amplitude [%MVC] 6.81+1.78 11.88+4.36 *ok
1.25-7.5 s (UGR)
Number of spikes [#] 10.27+£2.37 7.17+1.83 *
Average spikes amplitude [N] 2.17+0.86 2.60+1.05
Average spikes duration [ms] 482.93+128.61 789.62 +220.36 wE
Relative sverage spike amplitude [%MVC] 7.94+3.26 12.60+5.25 *ok
7.5-13.75 s (DGR)
Number of spikes [#] 10.00+£2.40 590+2.16 ik
Average spikes amplitude [N] 1.69+0.51 2.64+2.00
Average spikes duration [ms] 443.34+155.04 710.58 +242.74 *
Relative average spike amplitude [%MVC] 6.10+1.6 12.06+6.71 *

The asterisk indicates a statistical significant difference between the two groups. *P <0.05 **P < 0.001
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Fig.5 Force signals obtained from the PID model using the same
updating frequency, but different ranges for the contraction time:
30-90 ms (typical for young subjects) and 60-120 ms (typical for old
subjects). It can be noted that the behavior of the force profiles is sim-
ilar to the ones shown in Fig. 4

peak amplitude of the motor unit twitches, but they did not
show statistical differenced compared to the previously
reported averaged results. For example, the simulation of
a motor pool of 70 MUs with small variations in average
discharge rate (+ 10%) did not show a statistical difference
compared to the original case (120 MUs), for all simula-
tions (P=0.34). Moreover, the inclusion of motor unit twitch
potentiation (+50% compared to the original model) showed
the tendency to increase the NoS (18 +3 vs 20 + 3), but the
difference was not statistically significant (P=0.051). No
difference was observed in the other parameters.

Discussion

We investigated the variability in the control of force during
isometric ramp contractions up to 100% MVC in young and
older adults. The main findings were that the older subjects
presented larger errors in the generation of the isometric
ramp contraction compared to the young adults, with a lower
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Motor output error in old and young subjects

During linearly varying static effort, the %Err resulted
always larger in O than in Y when the whole contraction
(UGR +DGR) was considered. An important factor con-
tributing to this increased instability of the FDI motor out-
put with ageing (Barry et al. 2007; Semmler et al. 2003;
Laidlaw et al. 2000) is likely the larger variability of the
MU discharge rates (Tracy et al. 2005; Barry et al. 2007;
Laidlaw et al. 2000) due to the larger fluctuations of the low-
frequency common synaptic input to motor neurons (Feeney
et al. 2018; Castronovo et al. 2018). These oscillations are
mainly related to the control of synaptic input that provides
the error correction signal to the motor neuron pools (Negro
et al. 2009, 2016). Another important phenomenon that can
influence the steadiness of the force output is related to the
MU remodeling, i.e., the process of re-innervation of the
orphan muscle fibers of the lost motoneurons, which creates
larger MU with increased difference in the recruitment ten-
sion between successively recruited motor units in old adults
(Jesunathadas et al. 2010). The larger %Err in O subjects is
likely the result of the combination of these two phenomena
which would obviously affect the performance of the control
system to correct errors and follow a predefined force trajec-
tory. Our experimental and simulation results (see below)
indicate that in O subjects these factors can have an influence
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in the performance of the motor task not only during the
increasing, but also decreasing of the isometric force task.

Spike shape analysis

Gabriel (2007) described a processing technique that iden-
tifies and characterizes spikes in the surface EMG signal.
In this study, the same criteria were used to identify force
oscillations due to the force control system commands aimed
to reduce the distance between the expected and the actually
exerted force. In other words, the force spikes reveal the
underpinned correction procedure.

Similarly, to the %Err results, within the same group,
number, amplitude, and duration of the force signal spikes
were not different between UGR and DGR. Otherwise, in
the older adults, the NoS and the ASD of the corrections
throughout the whole force profile (UGR + DGR) were
significantly lower and longer than in the young subjects.
The ASA was also larger in O subjects but not significantly.
Indeed, when the RASA (spike amplitude scaled to indi-
vidual MVC) was considered, the results were always larger
in O (about 12%) than in Y (lower than 8%). The difference
was statistically significant (see Table 1) and supported the
indication that the outcome of the control force strategies is
more conveniently evaluated on the basis of the normalized
contraction intensity (De Luca et al. 1982; Milner-Brown
et al. 1973; Seki and Narusawa 1996).

The data from the force spike shape analysis clearly sug-
gest that the larger %Err values in O could be due to multiple
peripheral and central factors determining fewer, slower, and
larger (when scaled to MVC) corrections. The peripheral
factors can be ascribed to the above-cited ageing process
resulting in fewer, slower and larger MUs in the muscle. In
these conditions, the motor commands from CNS, aimed to
correct the desired tension production, have to compensate
for these peripheral changes and create larger (in duration
and amplitude) force spikes compared to Y subjects. In a
similar way, according to Oomen and van Dieén, another
important physiological factor influencing force unsteadi-
ness should be identified with an age-related longer pro-
cessing time of visual information (Sosnoff and Newell
2007), affecting, in particular, the low-frequency bandwidth
(0-2 Hz) of force control. The NoS was nearly double in the
Y than O suggesting that younger subjects control system
had to compensate for smaller errors cumulated between two
closer in time corrections.

Simulation

The results of the computer simulations suggested that both
the elongation of the force twitches (peripheral factor) and
the increase in the visual processing time (central factor)
may determine a lower number of corrections with longer

durations and relative larger amplitudes in O subjects. The
changes in number, duration, and amplitude of the correc-
tions were mainly related to the shift in the twitch dura-
tion ranges (from 30 to 90 to 60—120 ms). In particular,
even increasing the central processing speed, the number of
the corrections obtained with the longer twitches contrac-
tion range (60—120 ms) could not match the corresponding
values obtained using the faster twitches contraction range
(30-90 ms). The same phenomenon was evident for inter-
mediate changes in twitch contraction duration (40—100 and
50-110 ms). In other words, the simulation results showed
that the peripheral changes of the motor units may not be
compensated by a faster and more efficient CNS control
signal to the motor neurons. On the other hand, a decrease
in the simulated number of motor units and the potentia-
tion of the motor unit twitch amplitudes show small changes
(not statistically significant) in the estimated parameters, in
agreement with previous investigations (Enoka et al. 2003).
However, we cannot exclude that larger variations and/or
non-uniform changes of the twitch amplitude across the
motor pool may have a bigger impact on the overall force
control.

It is important to underline that the oscillations in force
analyzed in the present study are related to the voluntary
corrections and not to other involuntary neural mechanisms
as physiological tremor (Christakos et al. 2006). Physiologi-
cal tremor is likely the result of the Ia afferent reflex acting
on MU activation pattern (Lippold 1970; Nagamori et al.
2018), but these oscillations ranged normally between 0.1
and 1% MVC, much smaller compared to the oscillations in
force observed in the experimental recordings of the present
study. In fact, the RASA in our study was about 10 times
larger. Therefore, the frequency of the observed mechani-
cal oscillations during physiological tremor is normally 10
times higher compared to the number of spikes/s we have
found. To confirm this hypothesis, we calculated the same
parameters filtering the original force signal in a narrower
frequency band (0-5 Hz), excluding the physiological tremor
oscillations, and the overall results showed minimal varia-
tions. For these reasons, our attention about possible factors
influencing force unsteadiness during linearly varying static
effort was focused mainly on the interaction between the
central processing of the visual information and the changes
in MU twitches properties. Similar considerations were
made by Jesunathadas (2010) suggesting that the larger force
variability in O could be related to the MU remodeling and
the consequent altered shared synaptic input to the motor
neurons pools.

Eventually, the twitch elongation with age may represent
the underpinning crucial phenomenon in the generation of
larger force oscillations and the greater relative errors in
O vs Y subjects. Future studies using more complex mod-
els including structural changes influencing the tension
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transmission through muscles having larger relative content
of connective tissue and changes in passive stiffness (Gaj-
dosik et al. 2005) will contribute to a deeper insight about
the adaptation of the force generation process and control
which will include peripheral and central factors.

Conclusions

The results of the present study obtained from the analysis
of the muscular mechanical output unsteadiness lead to the
conclusion that the lower performance of the motor control
system in aged subjects during challenging tasks, consecu-
tive up-going/down-going static linear ramps in the whole
range of tension modulation, can be attributed mainly to
changes in MU peripheral properties. In fact, the simulation
results suggested that improvement of the CNS data process-
ing time is not able to compensate for the elongation of the
MU twitches contraction time.
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