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Ageing is a natural process causing alterations in the neuromuscular system, which contributes to
reduced quality of life. Motor unit (MU) contributes to weakness, but the mechanisms underlying
reduced firing rates are unclear. Persistent inward currents (PICs) are crucial for initiation, gain
control and maintenance of motoneuron firing, and are directly proportional to the level of
monoaminergic input. Since concentrations of monoamines (i.e. serotonin and noradrenaline) are
reduced with age, we sought to determine if estimates of PICs are reduced in older (>60 years old)
compared to younger adults (<35 years old). We decomposed MU spike trains from high-density
surface electromyography over the biceps and triceps brachii during isometric ramp contractions
to 20% of maximum. Estimates of PICs (AFrequency; or simply AF) were computed using the
paired MU analysis technique. Regardless of the muscle, peak firing rates of older adults were
reduced by ~1.6 pulses per second (pps) (£ =0.0292), and AFwas reduced by ~1.9 pps (P<
0.0001), compared to younger adults. We further found that age predicted AFin older adults
(P=0.0261), resulting in a reduction of ~1 pps per decade, but there was no relationship in
younger adults (P=0.9637). These findings suggest that PICs are reduced in the upper limbs of
older adults during submaximal isometric contractions. Reduced PIC magnitude represents one
plausible mechanism for reduced firing rates and function in older individuals, but further work is
required to understand the implications in other muscles and during a variety of motor tasks.
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Decomposition of motor unit spike trains from young and older adults reveal vast differences

in firing patterns used to achieve triangular isometric torque ramp. Young adults (blue) display
asymmetric firing with clear hysteresis. Older adults (red) tend to have symmetrical firing patterns,
which indicates reduced PIC contributions in the control of isometric torque.
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Introduction

Ageing is a natural process that causes alterations within the neuromuscular system, which
can have severe consequences for health and quality of life in older adults (McNeil & Rice,
2018). Even in the absence of disease, there is age-related loss of muscle or lean mass (i.e.
sarcopenia), and, perhaps more importantly, age-related loss of strength (i.e. dynapenia).
Emerging evidence suggests that dynapenia is a significant contributor to quality of life in
the elderly (Mitchell et al. 2012). Indeed, biophysical properties of the muscle play a role in
the reduced force-generating capacity, but neural factors are likely to contribute as well.

There is a progressive age-related loss in the number of motor units (MUs) (McNeil et

al. 2005), comprising the muscle fibres and their parent motoneurons (Heckman & Enoka,
2012). As such, death of motoneurons is widely accepted as a precursor for many of the
age-related adaptations in the nervous system (McNeil & Rice, 2018). Following death

of motoneurons, the nervous system displays astounding plasticity, as evidenced by the
reinnervation of orphaned muscle fibres by axonal sprouting (Gordon et al. 2004), a process
known as MU remodelling (Hepple & Rice, 2016). Since it is speculated that the loss of
larger/faster motoneurons precedes the loss of smaller/slower type motoneurons (Kanda &
Hashizume, 1989), reductions in MU firing rates are typically ascribed to this mechanism.
Dalton et al. (2010) previously showed that the firing rates of both biceps brachii (BIC) and
triceps brachii (TRI) MUs are reduced across a wide range of contraction intensities in older,
compared to young, adults. They suggested that the relatively higher proportional loss of
higher threshold motoneurons may play a role in the age-related decline in firing rates, but
alterations in the biophysical properties of the motoneurons are also likely to contribute.

Altered intrinsic motoneuron excitability may play a major role in age-related changes in
motoneuron firing patterns. Although motoneurons were once believed to integrate their
synaptic inputs passively, many studies have demonstrated that this integration is a highly
active process due to voltage-sensitive ion channels in their dendrites (Heckman et al.
2008a, ). Persistent inward currents (PICs) amplify and prolong excitatory synaptic input
to the motoneuron (Lee & Heckman, 1998, 2000), which are the result voltage-gated slow
activating L-type Ca2* and fast activating persistent Na* currents (Heckman et a/. 20085).
PICs are activated near threshold and can amplify synaptic currents by as much as 3- to
5-fold (Binder & Powers, 2001), and the level of PIC activation is highly dependent on the
neuromodulatory drive from the monoaminergic system (i.e. serotonergic and noradrenergic
drive) (Lee & Heckman, 1998, 2000). In addition, PICs are reduced with antagonist muscle
afferent input (i.e. reciprocal inhibition), illustrating a role for inhibition in the control

of PIC activity (Heckman et al. 2008a; Powers et al. 2012). Therefore, changes in levels

of monoaminergic drive, intrinsic motoneuron excitability (i.e. monoamine receptor or ion
channel function), and inhibition may alter MU firing patterns, as well as estimates of PICs,
(Johnson et al. 2017) with age.

Furthermore, recent work has called for the investigation of PIC estimates in the ageing
neuromuscular system (Latella, 2021). The function of two primary monoaminergic nuclei
in the brainstem, the raphe nuclei and locus coeruleus, have been shown to deteriorate with
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age (Shibata et al. 2006; Pagano et al. 2017). This deterioration likely results in reduced
monoaminergic drive, and consequently reduced activation of PICs.

Fortuitously, recent advances in technology have enabled us to sample from large
populations of concurrently active MUs, by using high-density surface electromyography
(HDSEMG) array electrodes and blind source separation algorithms (Holobar & Zazula,
2007; Negro et al. 2016) with great success (Yavuz et al. 2015; Del Vecchio et al. 2018;
Thompson et al. 2018; Cogliati e al. 2020; Del Vecchio et al. 2020; Hassan et al. 2020;
Kim et al. 2020; Martinez-Valdes et al. 2020). This non-invasive technology has created
an opportunity to further study the age-related alterations in the neuromuscular system by
sampling from many concurrently active MUs. Using this technology allows us to gain
better appreciation of the population behaviour and provide more insights into the control
of large portions of the motor pool, which was difficult to achieve with intramuscular EMG
approaches.

In this study, we examined whether the MU firing characteristics in a large population

of concurrently active MUs differed between a group of younger and older adults. More
specifically, we compared MU firing patterns of the elbow flexor and extensors during
isometric ramp contractions. We hypothesized that since previous work has shown MU
firing rates are reduced in BIC and TRI MUs of older adults, we would observe reductions
in peak firing rates of both BIC and TRI MUs, as well as estimates of PIC magnitude (i.e.
AFrequency; or simply AF), in the older group. In addition, since healthy younger adults are
unlikely to have an impairment in PIC function, we investigated the relationship between
age and estimates of PICs in both groups separately. We hypothesized that there would be no
relationship between age and estimates of PICs in the younger group, however there would
be a negative relationship between age and estimates of PICs in the older group.

In order to compare MU firing behaviour between healthy younger and older individuals,
we recruited 10 younger (26 (2.87) years old, 3 female) and 10 older (67 (4.40) years old,

2 female) adults. At the time of testing, all participants were free of neurological, motor

and muscular impairments. All participants provided written informed consent and the study
was in accordance with the Declaration of Helsinki except for registration in a database. It
was approved (STU00084502-CR0003) by the Institutional Review Board of Northwestern
University.

Experimental apparatus

The experimental apparatus, protocol and data processing methods utilized are similar to
those used in a previous experiment in our lab (Hassan et a/. 2020). Participants were
secured in a Biodex chair (Biodex Medical Systems, Shirley, NY, USA) with their dominant
upper limb rigidly fixed to a six degrees of freedom load cell with a fibreglass cast (JR3,
Inc., Woodland, CA, USA). The casted arm was positioned at a shoulder abduction angle of
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75° and an elbow flexion angle of 90°. An illustration of the experimental set-up is shown in
Fig. 1.

High-density surface EMG (HDSEMG) arrays (64 electrodes, 13 x 5, 8 mm inter-electrode
distance, GRO8MM1305, OT Bioelettronica, Inc., Turin, Italy) were placed on the BIC and
the lateral head of the TRI on the casted limb. HDSEMG data were sampled (2048 Hz),
amplified (x150), and band-pass filtered (10-500 Hz) using a Quattrocentro signal amplifier
(OT Bioelettronica, Inc.). A reference electrode was placed on the acromion process of

the casted arm. Prior to collecting experimental data, real-time HDSEMG recordings were
checked visually to ensure high signal-to-noise ratios.

Torque was sampled at 1024 Hz with a forearm-load cell interface. The limb segment
lengths and joint angles were converted into elbow flexion (EF) and elbow extension (EE)
torques using a Jacobian based algorithm implemented by custom MATLAB software (The
MathWorks, Inc., Natick, MA, USA). As EMG and force/torque recordings were collected
using separate computers, a 1 s transistor—transistor logic (TTL) pulse was transmitted to
both computers for data alignment. Each trial was temporally synced offline using cross-
correlation of the TTL pulses.

Experimental protocol

Participants were initially asked to produce their maximum voluntary torques (MVTSs) in the
directions of elbow flexion or extension. A wall-mounted computer monitor placed directly
in front of participants provided real-time feedback of torque performance. MVT trials were
repeated until three trials in which the peak torque was within 10% of each other were
collected. If the last trial had the highest peak torque, an additional MVT trial was collected.
Participants were verbally encouraged during MVT trials to ensure peak torque performance
and were given approximately 2 min rest between trials to prevent muscle fatigue.

Each of the subsequent experimental trials consisted of three triangular isometric elbow
extension or flexion torque ramps, separated by 10 s of rest within each trial. The order

of trials (i.e. 3 torque ramps) was randomized between flexion and extension. Participants
performed three to five trials in each direction to ensure at least eight ramps without
substantial deviations from the intended torque target. Each ramp required participants to
increase torque (2% MVT/s) to 20% MVT over 10 s, and then decrease (—2% MVT/s) to 0%
MVT over the next 10 s. During all trials, real-time torque feedback, as well as the desired
experimental torque profile, was provided to the participants. Participants were asked to
increase and decrease torque as smoothly as possible, and to avoid large corrections when
errors did occur. To rectify errors, participants were asked to slowly meet back up with the
target, rather than making a jerky correction. In order to avoid fatigue, a minimum of 2 min
of rest was given to participants between trials. Trials that did not exhibit a relatively smooth
increase of torque from 0% to 20% MVT and a smooth decrease of torque from 20% to 0%
MVT over the desired time frame were discarded, as were trials that displayed any sudden
jerks in torque. This resulted in the analysis of 8-15 ramps across participants (younger 11.9
(3.07) ramps per muscle; older 12.1 (2.02) ramps per muscle).
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Data analysis

MU decomposition and variables of interest.—After data acquisition, each EMG
channel of the surface array was manually inspected and any channels with substantial
artefacts, noise or analogue to digital saturation were removed. A convolutive blind-source
separation algorithm (Negro et al. 2016) with a silhouette threshold of 0.85 was used to
decompose HDSEMG into individual MU spike trains. All decomposed MU spike trains
were visually inspected for each participant and trial through a custom-made graphical
user interface in MATLAB. More specifically, automatic decompaosition results were
improved through iteratively re-estimating the spike train and correcting for missed spikes or
substantial deviations in the discharge profile (Boccia et al. 2019; Afsharipour et al. 2020;
Del Vecchio et al. 2020; Hassan et al. 2020; Martinez-Valdes et al. 2020). This process

of manual editing has been shown to be highly reliable across different operators (Hug et
al. 2021). Instantaneous MU firing rates were calculated as the inverse of the interspike
intervals of each MU spike train and smoothed using a 2 s Hanning window using a
custom-written MATLAB script.

Peak, total duration, and total range of smoothed decomposed MU firing rates were
extracted through custom-written MATLAB scripts for each muscle. MU firing rate range
and duration during the ascending and descending phases of torque production were also
extracted (see Fig. 2). Further, to provide a measure of the symmetry of MU firing
throughout the ascending and descending phases of torque, we calculated a ratio of the
MU firing duration using the following formula:

(Duraﬁonascending - Durationdeseending)
Durationgy;

()]

Duration ratio =

The duration ratio produced values between -1 and 1, with a MU that was only active on the
ascending limb having a value of 1 (leftward shift; less hysteresis), and a MU that was only
active on the descending limb producing a value of -1 (rightward shift; more hysteresis).

Estimating persistent inward currents.—The effects of PICs on motoneuronal firing
patterns can be appreciated through MU onset—offset hysteresis. The best approximation of
this hysteresis, AF, is calculated as the difference in the smoothed firing rate of a reporter
(lower threshold; often referred to as the control unit in previous studies) MU between the
times of recruitment/derecruitment of a test (higher threshold) MU (Gorassini et al. 2002).
All AFvalues used throughout this study are ‘unitwise’ mean values. That is, the mean AF
values obtained for all test—reporter unit pairs that meet our inclusion criteria (i.e. averaged
for one test unit or “unitwise’). In this way, a motor unit can only have one AF value,

rather than many (see Fig. 2). Criteria for inclusion of AFvalues from MU pairs were that
(1) the test MU was recruited at least 1 s after the control unit to ensure full activation

of PIC, (2) the test MU was derecruited at least 1.5 s prior to the control MU to prevent
AF overestimation, and (3) test unit firing duration was =2 s (see Hassan et a/. (2020) for
more details on utilizing AF for paired MU analysis). In our primary analysis, we did not
exclude pairs of motor units based on the following criteria: test unit—reporter unit pairs
with rate—rate correlations of /2 < 0.7 (Gorassini et al. 2004; Udina et al. 2010; Stephenson
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& Maluf, 2011; Vandenberk & Kalmar, 2014), or test unit—reporter unit pairs in which the
reporter unit firing range (FRmax — FRmin) Was <0.5 pps while the test unit was active
(Stephenson & Maluf, 2011) because our previous work showed that these criteria did not
necessarily reduce variability in the estimation of A~ (Hassan et al. 2020). Nevertheless, we
did also compute AFwith these criteria, similar to others in the past. That is, AFin this

case refers to values from MU pairs such that: (1) the test MU was recruited =1 s after the
control unit to ensure full activation of PIC, (2) there were rate—rate correlations of /2 = 0.7
between test unit—reporter unit pairs, (3) for test unit-reporter unit pairs, the reporter unit
firing range (FRmax — FRmin) Was =0.5 pps while the test unit was active, and (4) the test
unit firing duration was =2 s (Gorassini et al. 2004; Udina et al. 2010; Stephenson & Maluf,
2011; Vandenberk & Kalmar, 2014). This was done to ensure the criteria we chose did not
bias our results in comparison to the findings of past studies.

Statistical analysis

All data were imported into GraphPad (version 9.0.1 for Windows, GraphPad Software,
Inc., San Diego, CA, USA) where descriptive statistical analyses were performed. Hedge’s
g effect sizes (ES) were calculated to provide a standardized effect for the mean differences
between the younger and older subjects for each variable. Mean and standard deviation
values for each variable reported are group means, which represent the average and error of
the individual means computed for each participant.

We detail the effects of healthy ageing on MVT and MU firing characteristics using linear
mixed effects models. More specifically, we took into consideration all of our data points
rather than averaging across them and based our analysis on the mean within an individual
trial or subject (Giboin et al. 2020). All of these analysis were performed in R (R Core Team
2020, R Foundation for Statistical Computing, Vienna, Austria) using the Ime4 package
(Bates et al., 2015) and significance was calculated using the ImerTest package (Kuznetsova
et al. 2017), which applies Satterthwaite’s method to estimate degrees of freedom and
generate P-values for mixed effects models by comparing the full model including the effect
of interest against a null model excluding the effect of interest.

We used linear mixed effects models to determine if age group (categorical) and muscle
were significant predictors for MVT and our MU variables. We employed age group
(younger vs. older), muscle (BIC vs. TRI), and their interaction as fixed effects. As
random effects, we included a random intercept for each subject as well as a random slope
accounting for the muscle within each subject. Effects estimated from the linear mixed
effects models are presented as parameter estimates + SE.

In order to avoid the bimodal distribution of ages created by our selective sampling of
healthy younger and older adults, we used separate generalized linear mixed effects models
(computed by the MuMIn R package; Barton, 2018) to identify significant relationships
between AFand age in the younger and older groups. This was done to assess the degree to
which the age of the subjects in each group could account for variance in AF. Specifically,
we analysed whether age was able to predict AF. For each age group, we included age
(continuous variable), muscle (TRI vs. BIC), and their interaction as fixed effects. As
random effects, we included a random intercept for each subject as well as a random slope
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accounting for the muscle within each subject. Variance accounted for by the model is
reported as conditional /2 mm Values, whereas variance accounted for by only the fixed
effects is reported as marginal A2 vm Values (Nakagawa & Schielzeth, 2013; Johnson,
2014; Nakagawa et al., 2017).

We further attempted to identify whether significant relationships between AFand MVT
were present in the younger and older groups, both as a whole and separately. To do this,
we used we used three separate generalized linear mixed effects models. This was done to
assess the degree to which the MVT of the subjects as a whole and within in each group
could account for variance in AF. Specifically, we analysed whether MVVT was able to
predict AF. For the entire group, we included age group, MVT, muscle (TRI vs. BIC) and
their interactions as fixed effects. As random effects, we included a random intercept for
each subject as well as a random slope accounting for the muscle within each subject. In the
separate models for both younger and older individuals, we used the same fixed and random
effects but omitted the fixed effect of age group. Variance accounted for by the models and
variance accounted for by only the fixed effects are reported as conditional ~2g; pm and
marginal A2 mm Values, respectively, as described in the previous paragraph.

Comparison of isometric elbow flexion and extension strength between younger and older

adults

Younger adults produced 69.9 (30.87) and 46.2 (16.31) N m of torque during isometric
elbow flexion and extension, respectively, whereas older adults produced 61.3 (21.40) N

m during elbow flexion and 36.7 (12.77) N m during elbow extension. During flexion, the
effect size of the difference in MVT between younger and older participants was 0.32, and
during flexion the effect size was 0.65. However, age group was not a significant predictor
(P=0.242) nor was the interaction between muscle and age group (P = 0.8714). Contraction
type was the only significant predictor of MVT (XZ (1) =55.5582, £=0.0007). Across

all participants, the flexion MVVT was 23.15 (3.11) N m higher than the flexion MVT (P=
0.0007).

Comparison of MU firing patterns during submaximal ramp contractions

In the 10 younger participants, decomposition yielded 1002 MU spike trains from the BIC,
and 1211 MU spike trains from the TRI. In the 10 older participants, decomposition yielded
533 MU spike trains from the BIC, and 827 from the TRI. All participants completed a
minimum of 10 submaximal torque ramps in the directions of EF and EE. An average of 6.2
(3.81) and 9.0 (4.99) MUs per trial were decomposed from the BIC and TR, respectively,
of younger participants, and 4.4 (1.60) and 6.7 (3.39) MUs per trial were decomposed from
the BIC and TRI, respectively, of older participants. Following the visual inspection and
removal of erroneous spike times, the mean silhouette values of the decomposed motor units
were 0.91 (0.05) from the BIC and 0.90 (0.05) from the TRI of the younger participants. The
mean silhouette values from the older participants were 0.91 (0.04) from the BIC and 0.93
(0.05) from the TRI. An example of smoothed MU firing rate patterns of decomposed TRI
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MUs in a single trial from one younger and older individual is shown in Fig. 3, which shows
many of the features that will be quantified below.

Comparison of peak MU firing rates during submaximal ramp contractions

The peak firing rates during submaximal ramp contractions from BIC and TRl MUs are
shown in Fig. 4. In this, and in the following figures, each data point represents the mean
value from all MUs collected from one subject during the submaximal EF torque ramps
(BIC data) or submaximal EE torque ramps (TRI data). In congruence with previous
findings (Dalton et al. 2010), older participants had reduced peak firing rates during
submaximal isometric contractions compared to younger participants. Group mean peak
firing rates for the younger participants were higher than observed in the older participants
in both the BIC (16.0 (1.74) vs. 14.5 (2.22) pps, ES = 0.71) and the TRI (17.9 (1.52) vs. 16.3
(1.90) pps, ES = 0.84). A linear mixed effects model revealed that both age group (X2 Q)
=4.7564, P=0.0292) and muscle (X2 (1) = 15.731, P< 0.0001) were significant predictors
of peak firing rate, but the interaction between the two variables was not significant (P
=0.9980). Peak MU firing rates were lowered by 1.6 (0.72) pps (P= 0.0412) in older
participants, and were 1.8 (0.38) pps (#=0.0001) higher in TRI, compared to BIC.

Recruitment thresholds

Older participants had slightly lower recruitment thresholds (i.e. percentage of MVT) of
TRI, but not BIC, MUs decomposed during submaximal isometric contractions compared to
younger participants. Group mean recruitment thresholds for the younger participants were
higher than those observed in the older participants in the TRI (11.3 (2.38) vs. 9.1 (1.78)%
MVT, ES = 0.73) but not the BIC (11.8 (2.02) vs. 11.7 (2.63) pps, ES = 0.03). A linear
mixed effects model revealed that muscle (Xz (1) = 4.3356, P< 0.03732) was a significant
predictor of recruitment threshold, but the age group (P = 0.06392) and the interaction
between the two variables were not significant (P = 0.9980). Recruitment thresholds were
lowered by 1.9 (0.78)% MVT in the TRI compared to BIC (P = 0.0204).

Range of MU firing rates

Figure 5A shows the range of MU firing rates from BIC and TRl MUs. The group mean
ranges of firing rate from the younger participants were higher than the MU firing rate
ranges in the older participants in both BIC (12.0 (1.45) vs. 9.4 (1.66) pps, ES = 1.48) and
TRI (13.6 (1.22) vs. 10.5 (1.97) pps, ES = 1.70). Age group (2 (1) = 7.7509, P= 0.0053)
and muscle (X2 (1) = 15.570, P< 0.0001) were both significant predictors of firing rate
range; the interaction of age group and muscle was not significant (£ = 0.8687). The range
of MU firing rates was 1.7 (0.60) pps (P = 0.0091) higher in younger participants than in
older participants, and 1.5 (0.32) pps (£ = 0.0001) higher in MUs from the TRI than the
BIC.

The observed ranges of MU firing rates for the ascending and descending limbs of the
torque ramps are displayed in Fig. 5B and C, respectively. During the ascending torque
phase, the group mean firing rate range in the younger participants was 9.3 (0.96) pps in the
BIC and 10.4 (0.79) pps in the TRI, while in the older participants, the group mean firing
rate range was 8.7 (1.41) pps in the BIC and 9.7 (1.50) pps in the TRI. In the BIC, the effect
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size of the difference in firing rate range on the ascending limb between younger and older
participants was 0.44, and in the TRI the effect size was 0.60. However, age group was not

a significant predictor (£=0.1112) nor was the interaction between muscle and age group
(P=10.7546). Muscle was the only significant predictor of MU firing rate range over the
ascending limb of the torque ramp (XZ (1) = 10.9590, A= 0.0009). The ascending limb firing
rate range was 1.1 (0.29) pps higher in the TRI than in the BIC (= 0.0014).

During the descending torque phase, the group mean MU firing rate ranges were higher

in the younger participants compared to the older participants for both muscles (BIC: 11.0
(1.49) vs. 9.4 (1.66) pps, ES = 0.91; TRI: 12.7 (1.37) vs. 10.5 (1.97) pps, ES = 1.18). Both
age group (x2 (1) = 7.7199, A= 0.0055) and muscle (x? (1) = 10.856, A= 0.0010) were
significant predictors of descending limb firing rate range, in our model. The interaction
between age group and muscle was not significant (= 0.4002). During the descending
torque ramps, the firing rate range was 1.9 (0.62) pps higher in younger participants (P
=0.0083), as compared to older participants, and 1.4 (0.37) pps higher in the TRI (P=
0.0015), as compared to the BIC.

Similar to the peak firing rates, older participants showed a reduced range of MU

firing rates overall, as well as a reduction in firing rate range on the descending limb.
However, the firing rate range during the ascending portion of the torque ramp was not
significantly affected by ageing. The difference in firing rate range between younger and
older participants can be appreciated in an example of smoothed firing rates from the TRI of
one younger and one older participant in Fig. 3.

Estimates of persistent inward currents using AF

Subject mean values for the AF calculation are shown in Fig. 6. Group means for AF were
substantially higher in the younger participants than in the older participants in the BIC

(4.1 (1.35) vs. 2.3 (0.84) pps, ES = 1.47) and in the TRI (5.2 (0.94) vs. 3.2 (1.10) pps,

ES = 1.84). Age group (2 (1) = 18.326, P< 0.0001) and muscle (x? (1) = 17.796, P<
0.0001) were both significant predictors for AFin our model, but the interaction between
those variables was not significant (P= 0.2848). AFwas reduced by 1.9 (0.36) pps in the
older participants (P < 0.0001), and was 1.3 (0.24) pps lower in the BIC than in the TRI (P<
0.0001).

Estimates of persistent inward currents using AF with previous inclusion criteria

Similar to the AF values computed by excluding pairs that had test unit and reporter unit
recruitment time differences of =1 s and derecruitment time differences =1.5 s, and test units
that were active for =2 s (Hassan et al. 2020), AFvalues computed with previously used
inclusion criteria (i.e. rate—rate correlation /2 = 0.7, reporter unit rate modulation 0.5 pps,
test unit duration =2 s; Gorassini et al. 2004; Udina et al. 2010; Stephenson & Maluf, 2011;
Vandenberk & Kalmar, 2014) were higher in TRI (5.55 (1.06) vs. 3.56 (0.79) pps, ES =
1.91) and BIC (5.26 (1.39) vs. 2.44 (0.86) pps, ES = 2.22) in younger compared to older
participants. Age group (x? (1) = 12.91, P=0.0003268) and muscle (x? (1) = 12.909, P=
0.0003268) were both significant predictors for A~ in our model, but the interaction between
those variables was not significant (P=0.0879). AFwas reduced by 2.2 (0.46) pps in the
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older participants (= 0.0002), and was 0.83 (0.19) pps lower in the BIC than in the TRI (P
=0.0004).

Relationships between AF and age

We then determined whether any relationship existed between the reported age of
participants and A~ within each of these age groups. In Fig. 7, AFis plotted as a function
of participant age along with regression lines from our model. In the younger participants,
the generalized linear mixed effects model accounted for 31.96% of the variance in AF,
with the fixed effects of muscle and age accounting for 5.28% of the variance. Muscle was
a significant predictor of A/—'(X2 (1) =5.3981, P=0.0202), but age was not a significant
predictor of AFin the younger participants (XZ (1) =0.0021, P=0.9637). The interaction
between age and muscle was also not a significant predictor (x2 (1) = 0.3742, P=0.5407).

In the older participants, the model accounted for 45.98% of the observed variance in AF,
with the fixed effects accounting for 29.32% of the variance. Both muscle (XZ (1) = 14.75,
P=0.0007) and age (XZ (1) =4.9504, P=0.0261) were significant predictors of AF, but the
interaction between them was not (XZ (1) =0.8031, P=0.3702). Greater reductions in AF
were associated with increasing age in the older participants (—0.097 (0.041) pps/year, P=
0.0473). In summary, AFwas reduced in older participants compared to younger participants
and a negative relationship existed between age and AFin the older participants, but not in
the younger participants.

Relationships between AF and strength

We also determined whether AFwas predicted by muscular strength of the individuals, both
as a whole and by age group. Overall, MV T was not a significant predictor of AFin the
younger (x2 (1) = 0.7069, P= 0.4005), older (2 (1) = 0.0093, P=0.9233) or entire group
(x? (1) = 0.6245, P=0.4294).

MU firing duration

Provoked by the reduction in firing rate hysteresis in older participants (i.e. reduced AF), we
investigated whether the duration of the MU firing differed between age groups; the subject
and group means for all MU duration variables are plotted in Fig. 8. On the ascending limb
of the ramp (Fig. 8A), the group means for MU firing duration were shorter in the younger
participants than in the older participants (see Fig. 3 for example) in both the BIC (3.6 (0.99)
vs. 4.6 (0.82) s, ES = 0.97) and the TRI (4.1 (0.78) vs. 5.1 (0.83) s, ES = 1.10). Our model
found age group (x? (1) = 9.3990, £ = 0.0022) and muscle (x? (1) = 4.5555, P=0.0328)
were both significant predictors of firing duration on the ascending limb of the torque ramp,
while the interaction between the two variables was not significant (P = 0.9224). Ascending
limb firing duration was increased by 1.0 (0.30) s in the older participants (= 0.0039),
compared to younger participants, and was 0.5 (0.22) s longer in TRI MUs than BIC MUs (P
=0.0401).

On the descending limb of the torque ramps (Fig. 8B), the group means for MU firing
duration were longer for the younger participants than the older participants in both muscles
(BIC: 6.1 (1.22) vs. 5.2 (1.24) s, ES = 0.64; TRI: 4.8 (0.70) vs. 4.6 (1.24) s, ES = 0.24).
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Muscle was revealed to be a significant predictor of firing duration on the decreasing torque
ramp (X2 (1) =7.4705, P=0.0063), but age group was not a significant predictor (P=
0.1765) and the interaction of age group and muscle was not significant (P = 0.3589).
Descending limb firing duration was 1.0 (0.33) s longer in BIC MUs than in TRl MUs.

The duration ratios (Fig. 8C) were lower for the younger adults than older adults in both the
BIC (-0.25 (0.13) vs. -0.03 (0.12) s, ES = 1.56) and the TRI (-0.10 (0.07) vs. 0.09 (0.17)

s, ES = 1.31), indicative of more symmetry of firing durations between the ascending and
descending limbs of the torque ramps in older adults (i.e. leftward shift or less hysteresis).
Our model found that both age group (x? (1) = 14.003, £=0.0002) and muscle (x? (1) =
13.090, A= 0.0003) were significant predictors of duration ratio, but the interaction between
age and muscle was not significant (£=0.5528). The duration ratio was 0.20 (0.05) higher
in the older adults than in the younger adults, and 0.14 (0.03) higher in TRI MUs than in
BIC MUs.

Total MU firing duration was similar between age groups and muscles (Fig. 8D). The group
means for total MU firing duration in the younger participants were 9.7 (1.95) s in the BIC
and 8.9 (1.38) s in the TRI. In the older participants, the group mean for MU firing duration
was 9.8 (1.83) s in the BIC and 9.6 (1.64) s in the TRI. The effect sizes between younger
and older participants were 0.05 for the BIC and 0.43 in the TRI. However, the linear mixed
effects model found that age group (P =0.3534), muscle (P=0.3182), and the interaction
between age group and muscle (P = 0.5084) were not significant predictors of MU firing
duration.

In summary, older participants had an increased duration of firing on the ascending limb of
the torque ramp and an increased ratio of firing during the torque ramp, but the overall firing
duration and the firing duration on the descending limb of the torque ramp were similar to
younger participants. As shown in Fig. 3, a longer duration of firing during the ascending
phase of the ramp without a difference during the descending phase of the ramp or total
duration of firing indicates a leftward shift, and more symmetrical pattern of firing.

Discussion

The present study aimed to investigate the effects of healthy ageing on the MU firing
patterns from the BIC and TRI by comparing younger and older healthy adults. In agreement
with previous literature (Dalton et al. 2010), we have found lower peak firing rates during
isometric submaximal ramp contractions in both the BIC and TRI of older adults. Further,
and perhaps most novel, we found substantial and significant reductions in estimates of
persistent inward currents (PICs; AF) in older adults irrespective of whether estimated from
the BIC or TRI. In older adults, we also found that age was a significant predictor of AF (i.e.
AF decreased with respect to age); however, there was no such relationship in the younger
group. Additional characteristics of MU firing patterns support the notion of reduced onset—
offset hysteresis, such as reduced firing rate range during the descending phase of the ramp
and a leftward shift in MU firing in older compared to younger adults. These findings
suggest that MU firing patterns in older people exhibit less PIC activity, which may have
implications for motor control.
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When compared to younger adults, MU firing rates are typically reduced in older adults
(Kamen et al., 1995; Connelly et al., 1999; Kamen & Knight, 2004; Barry et al., 2007;
Dalton et al., 2010; Kirk et al., 2018; Kirk et al., 2019), although some evidence has shown
no differences with ageing (Roos et al. 1999; Dalton et al. 2009; Kirk et al. 2016). Firing
rates are highly dependent upon the biophysical properties of the parent motoneurons, and
age-related changes of such properties can lead to reductions in firing rates. For example,
spike after-hyperpolarization (AHP) duration is increased in aged rodents (Cameron et al.
1991; Kalmar et al. 2009) and cats (Morales et al. 1987). Similarly, AHP duration increases
gradually with age (Piotrkiewicz et al. 2007), and when compared directly, AHP is longer

in older compared to younger adults (Christie & Kamen, 2010). In the current investigation,
not only were peak firing rates reduced but, older adults showed a compressed range of MU
firing rates. This compressed range of firing can arise from similar mechanisms that underlie
the reductions in peak firing rates, but it is interesting to note that the firing rate range during
the ascending phase of the contraction was similar for both younger and older adults. That
is, the rate modulation from the onset of firing to peak firing was similar (see Fig. 5B). On
the contrary, the reduction in overall firing rate range (~1.7 pps) seen in older participants is
primarily attributed to the reduction in firing rate range seen on the descending limb of the
torque ramp (~1.9 pps). The reduced firing range seen on the descending limb (i.e. reduced
hysteresis) of the torque ramps is most likely related to a decrease in PIC activity, which
brings us to the main topic of our discussion: reduced estimates of PICs in older adults.

Estimates of PICs are reduced in older people

We have shown that AFis substantially lower in both the elbow flexor and extensor muscles
of older adults, compared to younger adults. Further, in our older group, we found that
increasing age was associated with reductions in AF (see Fig. 7). In addition, the relative
firing duration of motor units is shifted to the left in older adults, such that the duration of
firing is symmetrical during the ascending and descending phases of the ramp contraction,
indicating less onset—offset hysteresis. Although AFand the leftward shift in firing patterns
are an indirect estimate of PIC activity, they do support our hypothesis that PICs are
reduced in older people. Such age-related changes in estimates of PICs are most likely due
to changes in (1) monoaminergic input to the motoneurons, (2) the amount or pattern of
inhibition, and/or (3) Na* or Ca2* channel function.

The overall leftward shift in the firing patterns of older individuals provides further insights
into the effects of ageing on MU firing. Based on the reduced AFand reduced firing rate
range on the descending limb in the older adults, we expected to see a reduced duration

of firing on the descending limb in those participants. Instead, we found an increased
duration ratio, which was driven by a duration of firing on the ascending limb of the

torque ramps in older participants, without significant changes to the overall duration and
descending duration of firing. This could suggest that motor units in older participants
were recruited earlier than those from younger participants. Although there did appear to
be a slight reduction in the average recruitment threshold of decomposed motor units in

the TRI, this was not the case in BIC, and age group was not a significant predictor of
recruitment threshold in our linear mixed effects model. There are other reports that have
shown a lower average recruitment threshold for motor units recorded from older compared
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to younger adults (Erim et al. 1999; Klass et al. 2005, 2008; Fling et al. 2009; Pascoe et

al. 2011), but methodological considerations (i.e. HDSEMG decomposition is biased toward
larger and more superficial MUs; Hassan et al. 2019) may skew interpretations deduced
from comparisons of recruitment thresholds between heterogeneous groups of people (i.e.
younger vs. older herein). Most intriguing in the current study, however, is the fact that the
firing patterns of older individuals were more symmetrical (approximately equal time on
the ascending and descending portion of the ramps — see Figs 3 and 8C), indicating less
hysteresis, a behaviour that is a hallmark of PICs.

Initial attempts to understand PIC effects of human MU firing behaviour focused on self-
sustained firing or “bi-stability’ (Kiehn & Eken, 1997). In such experiments, MUs are
tracked during low-level voluntary efforts and an additional source of synaptic input (i.e.
vibration) causes the recruitment of an additional MU (test unit) that maintains firing after
the additional input is removed (Gorassini ef al. 1998). MUs can then be classified as either
having PICs or not based on the occurrence of test units that maintain firing after the
additional synaptic input is removed. Using this approach, Kamen et a/. (2006) showed that
older individuals have a similar occurrence (23.1%) of MUs that exhibit self-sustained firing
as younger adults (22.8%). As such, and contrary to the findings in our current investigation,
they concluded that PIC-like behaviour does not seem to be affected by the ageing process.
They did, however, report that the mean drop-out torque of newly recruited MUs was
slightly higher for older adults (3.26% vs. 2.43% maximal voluntary contraction), although
variability was high and therefore no statistical differences were reported. It is important

to note that the ‘occurrence’ of self-sustained firing may not be the be-all and end-all
method to quantify whether PICs are present during voluntary motor behaviour in humans.
This is because PICs almost certainly contribute to motoneuron firing during all voluntary
behaviours, and without the amplification effects of PICs, the small currents produced by
descending and sensory inputs are too weak to have much of an effect on motoneuron firing
(Binder & Powers, 2001). More important to the understanding of human motor output is
the magnitude of PICs, rather than the relative number of motor units that exhibit a single
characteristic mediated by PICs.

Hysteresis of MU firing rates, on the other hand, has proven to be the most consistent
hallmark for non-invasive estimation of the magnitude of PICs in humans, as was first
realized by Gorassini, Bennett and colleagues (Bennett et a/ 2001a; Gorassini et al.

2002). The now standard paired-MU analysis technique (AF) has been subject to rigorous
investigations interested in the accuracy of these estimates (Bennett et al. 2001a,b; Powers
et al. 2008; Revill & Fuglevand, 2011; Powers & Heckman, 2015; Afsharipour et al. 2020;
Hassan et al. 2020). Bennett and colleagues (Bennett et a/. 2001a,b) used parallel MU and
intracellular recordings in rat motoneurons to clearly demonstrate that AF reflects features
of PICs. With advances in technology, these estimates of PICs have been obtained across
hundreds of MUs (Afsharipour et al. 2020; Hassan et al. 2020; Kim et al. 2020; Trajano

et al. 2020), which likely provides a better overall estimation of PIC magnitude across the
entire motor pool. Even though MUs of older adults in our experiment certainly displayed
onset—offset hysteresis (i.e. positive AF values overall), the magnitude of this hysteresis was
markedly reduced compared to the sample of younger adults that were recruited. In fact,
estimates of PICs (AF) were reduced by ~40%, with very large effect sizes (all ES >1.45). In
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addition, the age of individuals was a significant predictor of AF, suggesting that PICs may
deteriorate with age at a rate of ~1 pps/decade, but only in older adults.

The magnitude of PICs is directly proportional to the level of noradrenaline (NA) and
serotonin (5-HT) (Lee & Heckman, 1998, 2000), which are monoamines released from

the from the caudal raphe nucleus and locus coeruleus, respectively. These monoaminergic
nuclei of the brainstem deteriorate with age (Shibata ef a/. 2006; Pagano et al. 2017), and

in particular, the age-related reduction in locus coeruleus structural integrity is associated
with impaired cognitive and behavioural function (Liu et al. 2020), as well as reductions in
central pain modulation (Grashorn et al. 2013; Damien et al. 2018). Deterioration of these
nuclei could also lead to reductions in neuromodulatory drive to motorneurons, reducing
PIC activity, which would ultimately explain some of the reductions observed in AF. NA-
mediated effects are likely predominantly due to degradation of the locus coeruleus because
older rodents maintain only ~30% NA nuclei compared to ~90% 5-HT nuclei (Tatton ef

al. 1991). Despite the evidence that a greater proportion of raphe nuclei are maintained

with age, spinal 5-HT is greatly reduced (Johnson et al. 1993; Ko et al. 1997). Therefore,
5-HT-mediated effects in the ageing process are more likely to occur peripherally. With
ageing, there is increased circulation of cytokines (so-called ‘inflamm-ageing”) (Michaud et
al. 2013), which affect 5-HT receptors and increase re-uptake of 5-HT (Steinbusch et al.
2021). In sum, less availability of monoamines would result in reduced PIC magnitude at the
same relative effort, which is what we observed as a reduction in A~

PICs are also highly sensitive to inhibitory inputs (Hultborn et a/. 2003; Kuo et al. 2003;
Heckman et al. 2008a; Hyngstrom et a/. 2008; Revill & Fuglevand, 2017). Thus, changes
to the amount or pattern of inhibition may lead to reduced estimates of PICs as estimated
by AF. Indeed, there are age-related alterations in spinal and supraspinal inhibitory circuits
(Butchart et al. 1993; Kido et al. 2004; Hortobagyi et al. 2006) that could modify the
synaptic input to motoneurons. Modulation of la presynaptic inhibition with increasing
contraction intensity is reduced in older adults (Butchart et a/. 1993), which would lead

to differences in the pattern of inhibition and have profound effects on the balance of
excitation, inhibition and neuromodulation (Johnson ef al. 2017) required to perform a task.
The imbalance of inhibition and excitation could therefore play a role in the profound
effects on PICs observed in older adults. While difficult to measure, the temporal pattern
of inhibitory commands is likely to affect A~ (Powers et al. 2012; Johnson et al. 2017).
Push—pull inhibition, where inhibition varies inversely with excitation, can lead to reductions
in MU hysteresis (Powers et al. 2012). It therefore remains possible that the pattern of

the inhibitory commands is altered with age to compensate for the various structural and
functional changes in the neuromuscular system (Hepple & Rice, 2016; McNeil & Rice,
2018) associated with the ageing process and may contribute to our observed reductions in
AF.

Alterations in the integrity and function of 5-HT/NA receptors and voltage sensitive

ion channels must also be considered in relation to age-related changes in the nervous
system. Basic (i.e. larger and longer AHP, lower rheobase, greater input resistance) and
rhythmic (i.e. slower minimum and maximum steady-state firing frequencies and lower
7~/ slopes) motoneuron properties are consistent with reduced motoneuron excitability in
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very old (>30 months) rodents. However, Kalmar et al. (2009) also showed an increased
incidence of PIC-like behaviour in very old rodent motoneurons, which they suggested

to have resulted from increased 5-HT and NA receptor sensitivity to residual endogenous
monoamines (Harvey et al. 2006) as a compensatory mechanism to counteract the reduced
motoneuron excitability. Although this increased incidence of PIC may seem to contradict
our findings, this type of analysis simply determines the relative number of motoneurons
that have hysteresis in response to current injection to the soma, whereas we quantified

the average magnitude of hysteresis during voluntary activation (i.e. axo-dendritic synaptic
input). L-type Ca2* channels are concentrated in the dendritic tree, far away from the soma,
meaning that the levels of injected current may have underestimated PICs in a healthy
younger motoneuron due to the inability to activate PICs from the soma (Bennett ef a/. 1998;
Lee & Heckman, 1998). Ageing may also result in changes in the expression of receptor
subtypes or the downstream signalling of various receptors. Indeed, there are age-related
reductions in the duration of Ca2*-mediated plateau potentials in striatal neurons (Dunia et
al. 1996), and more generally, deregulated Ca2* is an active component of healthy ageing
that can increase the risk of cell death and neurodegenerative disorders (Nikoletopoulou &
Tavernarakis, 2012). As such, it is difficult to pinpoint the exact monoaminergic receptor or
ion channel dysfunction that may contribute to the observed reductions in estimated PICs
during voluntary contractions with ageing.

Methodological considerations

Since this experiment was conducted in a non-invasive fashion, we were unable to directly
determine the PIC magnitude. Instead, we relied on the best estimation of PICs available in
humans (i.e. AF), which has undergone rigorous scrutiny to ensure accuracy of the estimates
(Bennett et al. 2001a,b; Powers et al. 2008; Revill & Fuglevand, 2011; Powers & Heckman,
2015; Afsharipour et al. 2020; Hassan et al. 2020). Nonetheless, it is difficult to determine
whether the reduction in AFis the result of alterations in monoaminergic drive, the amount
or pattern of inhibition, and/or changes to the monoaminergic receptor sensitivity or ion
channel function. This delineation will require further work.

Overall, the MUs decomposed in the older participants had longer durations on the
ascending phase of the ramp, suggesting a lower relative threshold of units decomposed

for older adults. This relatively lower recruitment torque could lead to a ceiling effect in
terms of how much hysteresis those units could exhibit. However, as the average duration
of MU firing on the descending limb was 5.2 and 4.6 s for the BIC and TRI, respectively,
in the older participants with the descending limb of the torque ramp being 10 s long, we
do not believe the reduced AF observed was due to early derecruitment due to the time
constraints of the task. Indeed, age group was not a significant predictor of the recruitment
thresholds in our linear mixed effects model, further suggesting that recruitment threshold
did not cause reduced estimates of PICs in older adults. It is very important to note, however,
that due to the heterogeneity of subjects (i.e. anatomy, electrode placement, subcutaneous
tissue, etc.) the comparison of recruitment thresholds of decomposed MUs across subjects
may not reflect whether there is truly a shift in the recruitment of all MUs in older adults.
For example, the decomposition algorithm is biased toward MUs close to the recording site
(i.e. closer to the skin surface) and MUs with larger fibres (i.e. larger MUs; Hassan et al.
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2019), which has the potential to skew the findings, especially in older adults who have
undergone MU remodelling.

Since the mean age of the older participants in this group is only 67.8 years, some of our
sample may not have substantial loss of motoneurons, and the subsequent reorganization of
the motor pool would lead to only modest reductions of firing rates. Since our older group
was in the mid-seventh decade on average, this might help explain why our older group was
not significantly weaker than our younger group. It remains possible that further ageing may
have more severe effects on MU firing behaviour and specifically estimates of PICs.

Practical considerations

In the words of Power and colleagues (2016), ‘If you don’t use it, you’ll likely lose

it’. Whether this holds true for PICs is unclear at the moment, although Latella (2021)
recently made a compelling argument for studying the efficacy of strength training to
mitigate the effects of ageing on MU firing behaviour. Indeed, the work of Power and
colleagues (2010) suggests that estimates of MU numbers are greater in masters runners
compared to their sedentary counter-parts, though contrasting evidence has since shown that
masters runners may not be spared from MU remodelling (Piasecki et al. 2016). Strength
training-induced plasticity of motoneurons is certainly not limited to younger adults. AHP
duration is longer in older compared to younger adults, but that duration can be reduced with
strength training in both age groups (Christie & Kamen, 2010). Thus, it remains possible
that strength training, which necessitates high levels of effort (likely utilizing high levels of
monoaminergic drive; Orssatto et al. 2021), could mitigate deterioration of monoaminergic
function and/or PIC behaviour seen in older adults.

Conclusion

The present study compared the firing patterns of MUs from the elbow extensors and flexors
of healthy younger and older adults during isometric ramp contractions. Irrespective of
muscle, age was a significant predictor of peak firing rate and firing rate hysteresis, such
that both were reduced in older adults. In addition to the differences observed between

age groups, the age of individuals within the older group predicted a ~1 pps per decade
reduction in AF, a non-invasive estimate of PIC magnitude across the motor pool. This
reduced estimate of PIC magnitude likely arises from reductions in monoaminergic input,
alterations in the amount or pattern of inhibition, and/or alterations in monoamine receptor
or ion channel function. It remains unclear whether alterations in firing rate hysteresis are a
compensatory adjustment or impairment that occurs with ageing, but it remains possible that
physical training may be able to mitigate such changes. However, since we did not observe
any relationships between MVT and estimates of PICs (i.e. AF), a couple of questions
remain: (1) what role do PICs play in normal human function? And (2) do reductions in
PICs precede reductions in function?
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Key points

Persistent inward currents play an important role in the neural control of
human movement and are influenced by neuromodulation via monoamines
originating in the brainstem.

During ageing, motor unit firing rates are reduced, and there is deterioration
of brainstem nuclei, which may reduce persistent inward currents in alpha
motoneurons.

Here we show that estimates of persistent inward currents (AF) of both elbow
flexor and extensor motor units are reduced in older adults.

Estimates of persistent inward currents have a negative relationship with age
in the older adults, but not in the young.

This novel mechanism may play a role in the alteration of motor firing rates
that occurs with ageing, which may have consequences for motor control.
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Figure 1. An illustration of the experimental set-up
High-density surface electromyography (HDSEMG) arrays were placed on the lateral head

of the TRI and along the muscle belly of the BIC.
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Figure 2. Motor unit data obtained from a single isometric ramp contraction
Top left shows the paired MU analysis method used to estimate persistent inward current

magnitude, which quantifies the onset—offset hysteresis (i.e. AF) of a higher threshold (test
unit; blue) MU with respect to a lower threshold (reporter unit; red). In the centre, a typical
extension torque trace (black line) from one younger participant is shown. Underneath the
torque ramp, 3 out of the 12 decomposed MU firing patterns are shown. Each point indicates
the instantaneous firing rate for each interstimulus interval, and the thick coloured lines
indicate the smoothed firing rates of each MU. At the ends of the green and pink unit are
vertical dashed lines that extend downward to the units below them (i.e. recruited at lower
torque), which helps indicate the onset and offset of firing with respect to their reporter
units. Individual AFvalues obtained from each reporter unit and the mean of those values
(AFunitwise) are shown for each test unit. The vertical black dashed line indicates peak
torque in this ramp for ease of viewing the time point between ascending and descending
duration.
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Figure 3. Typical data from a younger and older participant
Single trial elbow extension torque (top, black traces) and smoothed firing rates of all

decomposed triceps brachii MUs (bottom, coloured traces) for a younger (A) and an older
(B) participant. Smoothed firing rates are shown darker at lower thresholds and lighter for
higher thresholds for both participants.
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Figure 4. Peak motor unit firing rates during isometric ramp contractions
Individual participant means (younger: blue; older: red) and group mean and SD (black) for

the peak firing rate of biceps brachii (BIC) MUs during a 20% elbow flexion ramp, and
triceps brachii (TRI) MUs during a 20% elbow extension ramp
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Figure 5. Ranges of motor unit firing rates during isometric ramp contractions
Participant means (younger: blue; older: red), along with group mean and SD (black), for

the range of MU firing rates during the full ramp (A), the ascending limb of the ramp (B),
and the descending limb of the ramp (C). Biceps brachii (BIC) data are from elbow flexion

ramps, and triceps brachii (TRI) data are from elbow extension ramps.
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Figure 6. Estimates of persistent inward current magnitude during isometric ramp contractions
AF values from the biceps brachii (BIC; left) during elbow flexion and triceps brachii (TRI;

right) during elbow extension. Participant means in colour (younger: blue; older: red), with
the black bars denoting group mean and SD.
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Figure 7. The relationship between AF and age
Motor units from the younger (blue, left) and older (red, right) groups of participants are

shown, along with lines indicating the individual generalized linear mixed effects models.
We show only the overall slope of the model, which includes fixed effects of age and
muscle. For clarity of display, individual participants are not distinguished from one another,
but the random effect in the model does account for the variability within each participant.
Dark and light data points indicate A~ values from triceps brachii (TRI) and biceps brachii
(BIC) MUs, respectively. Some jitter was added to the data point x-value (age) for clarity

of display. Equations derived from the model are displayed for the younger and older
participants along with the marginal /2| mm, Which indicates the variance accounted for by
our fixed effects of muscle and age.
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Figure 8. Motor unit firing durations during isometric ramp contractions
Participant means (colour) and group means (black), showing the firing duration of MUs for

the full torque ramp (A), the ascending limb of the torque ramp (B), and the descending limb
of the torque ramp (C).
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