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ABSTRACT 

Strength training performed with heavy loads and maximal intended velocity is 

documented to enhance efferent neural drive to maximally contracting musculature in 

older adults. However, it remains unclear whether the neural plasticity following training 

result from motor skill learning or if external resistance is a prerequisite. To investigate 

this, we assessed electrically evoked potentials (H-reflex and V-waves normalized to 

maximal M-wave) and voluntary activation (VA) in 36 older adults (734 years) 

randomized to 3 weeks of plantar flexion strength training, with (maximal strength 

training; MST) or without (unloaded ballistic training; UBT) heavy external loading (90% 

of one repetition maximum), or a control group. Both training groups aimed to execute 

the concentric phase of movement as fast and forcefully as possible. The MST group 

improved maximal voluntary contraction (MVC) and rate of force development (RFD) 

by 18±13% (p=0.001; Hedges g=0.66) and 35±17% (p<0.001; g=0.94), respectively, and 

this was different (MVC: p=0.013; RFD: p=0.001) from the UBT group which exhibited 

a 7±8% (p=0.033; g=0.32) increase in MVC and a tendency to increase RFD (p=0.119; 

g=0.22). Concomitant improvements in efferent neural drive (Vmax/Msup-ratio: 0.14±0.08 

to 0.24±0.20; p=0.010) and a tendency towards increased VA (79±9% to 84±5%; 

p=0.098), were only apparent after MST. No changes were observed in Hmax/Mmax-ratio 

for the groups. In conclusion, external loading during exercise training appears to be a 

prerequisite for efferent neural drive enhancement in older adults. Thus, strength training 

with heavy loads should be recommended to counteract the typically observed age-related 

decline in motoneuron firing frequency and recruitment. 
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INTRODUCTION 

Efferent neural drive is attenuated with advancing age (1,2), likely due to reduced 

motoneuron firing frequency (3) and motor unit recruitment (4). This age-related 

impairment contributes to reductions in maximal muscle strength and rapid force 

production and, in turn, to loss of physical function (5) and higher propensity of falls and 

fractures (6,7). In contrast, strength training is documented to increase efferent neural 

drive and skeletal muscle force generating capacity in older adults (1,8). 

 

A critical question remains of whether the strength training-induced adaptations in 

efferent neural drive are a result of motor skill learning or the external heavy load applied 

during the training. If they are a result of motor skill learning it may be advantageous to 

carry out the movements in an explosive fashion, since ballistic muscle action, i.e. muscle 

action performed with maximal velocity and acceleration, are shown to be a determinant 

for neural adaptations associated with strength training (9,10). Ballistic contractions are 

characterized by an instant burst of efferent action potentials at the onset of contraction 

(11-13). Consequently, high threshold motor units are recruited at much lower forces than 

during slow contractions, hence the upper limit of motor unit recruitment may be reached 

already at forces 1/3 of maximal (13). Additionally, at the onset of a ballistic contraction, 

maximal motoneuron firing frequencies may reach values ~three times higher than during 

slow yet maximal contractions (13). Presumably, these strong simultaneous bursts of 

neural activity associated with ballistic muscle action may be a highly effective stimulus 

to elicit adaptive changes in efferent neural drive (10,12). 

 

Strength training is associated with learning of new motor skills since it leads to 

alterations in muscle fiber recruitment patterns and coordination. Yet, strength training 
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performed with maximal intended velocity and unloaded ballistic training are shown to 

yield different adaptations at maximal performance (14). This may be because the 

application of heavy external resistance recruits muscle fibers in the highest end of the 

recruitment hierarchy (15) compared with what can be attained during ballistic muscle 

action. However, the potentially contrasting neural plasticity accompanying ballistic 

muscle action and strength training with heavy external loading appears, to date, to be 

unknown. Notably, it is also of concern that many previous studies investigating neural 

adaptations following strength training have applied experimental designs that do not 

allow for testing under maximal performance and stimulation (16,17). This may have 

clouded important neurological patterns when motor units with the highest thresholds are 

involved. 

 

Strength training has the potential to attenuate the age-related decline in efferent neural 

drive (1,2,8). However, it is currently unknown if the effect is due to the motor skill 

learning associated with the muscle action or whether heavy external resistance is also 

required.  In light of this, applying evoked potentials and up to maximal performance and 

maximal electrical stimulation, we sought to compare strength training with near-

maximal loads to unloaded ballistic muscle action in the current study. Specifically, we 

hypothesized that both maximal strength training (MST) and unloaded ballistic training 

(UBT) would increase efferent neural drive but that the neural adaptations in the two 

groups would be of different magnitude; that MST would increase efferent neural drive 

more than UBT. 
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METHODS 

Subjects 

Thirty-six, non-smoking, older males (> 65 years) were recruited from senior societies in 

Trondheim, Norway to participate in the study. They were randomly assigned to one of 

three groups; one group training with near-maximal loads and maximal intended velocity 

(MST), one group training without load but with maximal velocity of execution (UBT), 

and a non-training control group (CG). Subjects were moderately to highly active on a 

recreational basis, as confirmed by the International Physical Activity Questionnaire 

(IPAQ). Importantly, none of the subjects reported regular strength training of the lower 

limbs. Exclusion criteria included cardiovascular, neurological, musculoskeletal and/or 

pulmonary disease. Individuals with inserted pacemaker were also excluded. Failure to 

carry out any of the testing procedures also led to exclusion. The study was approved by 

a regional ethics committee and conducted according to the Declaration of Helsinki. All 

subjects gave written informed consent prior to inclusion in the study. 

 

Experimental procedure 

A two-day standardized test procedure was carried out before and after three weeks of 

training. The first test day included measurements of body mass and stature, before a 

familiarization session of evoked potentials was conducted and measurements of 

voluntary activation (VA) were obtained, followed by two-three days of rest. On the 

second test day, unilateral isometric plantar flexion maximal voluntary contraction 

(MVC), rate of force development (RFD), and evoked spinal potentials were recorded. 

The training groups performed supervised training three times per week for three weeks. 

All testing and training was carried out using the dominant leg. 
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Maximal strength and rate of force development 

Measurements of maximal strength and RFD were obtained while seated with the knee 

flexed 90 and the ankle joint ~ 20 dorsiflexed in a custom-made plantar flexion 

apparatus (2). The subjects were instructed to perform two isometric plantar flexion 

MVCs, with emphasis on contracting as forcefully and rapidly as possible. Two minutes 

of rest were allowed between trials, and the contraction was sustained for 2-3 seconds. 

Force was obtained through a force transducer (model 620-1000M-F, Vishay Tedea-

Huntleigh load cell, Israel), attached to the plantar flexion apparatus. Peak force was 

multiplied by the lever arm length to obtain peak torque. Isometric RFD was calculated 

as torque / time between 10 % and 90 % of peak torque. 

 

Evoked potentials 

Seated in the same plantar flexion apparatus as used for MVC and RFD measurements, 

evoked spinal motor potentials were obtained from the m. soleus (SOL). Following 

careful preparation of the skin (shaving, abrasion (Nuprep, Weaver and company, Aurora, 

CO), and wiped with alcohol) to ensure minimal resistance in the skin, pairs of self-

adhesive bipolar AG/AgCI electrodes (Ambu, M-00-S/50, Ballerup, Denmark) 

(interelectrode distance 25 mm) were placed over SOL in accordance with SENIAM (18). 

Maximal interelectrode impedance was 5 k. The electrodes collected data through 

ME6000 Biomonitor (Mega Electronics LTD, Kuopio, Finland) at 2 kHz, common mode 

rejection ratio (CMRR) of 110 dB. Signals were amplified and band-pass filtered (8-500 

Hz). To ensure correct placement of the electrodes, anatomical landmarks, measuring 

tape, and muscle architecture was used, and pictures were taken to ensure identical 

placement from pre- to posttest. 
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A 1 ms square wave stimulus was applied to the tibial nerve percutaneously using a 

current stimulator (DS7AH, Digitimer, Welwyn Garden City, UK) and bipolar felt pad 

electrodes (Digitimer). First, the position that elicited the largest H-reflex with the 

smallest M-wave was located. After this, the current intensity was gradually increased by 

2-5 mA to identify the maximal H-reflex amplitude (Hmax) during low force contraction 

(10 % MVC). To ensure similar M-wave responses during Hmax-detection between groups 

and from pre- to posttest, stimulation intensities at Hmax were carefully monitored. 

Following the detection of Hmax, the current intensity was increased further to identify the 

maximal M-wave peak-to-peak amplitude (Mmax) during 10 % MVC. To verify that Mmax 

had been detected, a supramaximal current stimulus of 150 % of the intensity needed to 

evoke Mmax was applied. Hmax was normalized to Mmax (Hmax/Mmax-ratio).  

 

Upon detection of Mmax, the participant was asked to contract as forcefully as possible, 

so V-waves could be evoked during MVC. Stimulation intensity corresponding to 150 % 

of that needed to evoke Mmax was used during MVC (Msup), for a total of eight V-wave 

recordings. The maximal V-wave peak-to-peak amplitude was normalized to the 

corresponding Msup (Vmax/Msup-ratio). M-wave amplitude had to be  95 % of Msup and 

the plantar flexor force had to be  90 % MVC to be included in analysis. 

 

Voluntary activation and resting twitch 

Measurements of plantar flexion VA was conducted with the subject seated on a bench, 

with the dominant leg firmly fastened by a padded lever at a 90 angle and the foot placed 

on a force platform (model 9286AA, Kistler, Switzerland) mounted on a custom-made 

steel plate (2). The ankle was ~20 dorsiflexed. Force was obtained via Bioware software 

(version 5.1.3.0, Kistler) at 800 Hz. The participant performed a maximum of 6 plantar 
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flexion isometric MVCs, while a 1 ms square wave stimulus corresponding to 150 % of 

the stimulus intensity required to elicit Mmax was applied to the tibial nerve as the force 

plateaued for detection of the superimposed twitch (T). Approximately three seconds 

after the MVC, another supramaximal stimulus was applied for the detection of the resting 

twitch (RT). VA was calculated as (1- (
𝑇

𝑅𝑇
)) ∗ 100 (19). RT peak amplitude, time to peak 

amplitude, RFD between 10 and 90 % of peak RT (RT RFD), rate of force relaxation (RT 

RFR) between 90 and 10 % of peak RT, and RFD (RT RFD / peak) and RFR (RT RFR / 

peak) relative to peak twitch amplitude were analysed for all RTs (20,21). 

 

Training intervention 

The training groups performed supervised training three times per week for three weeks. 

The plantar flexion training for both groups was performed dynamically in the same 

plantar flexion apparatus as used to detect MVC and RFD, with the range of motion from 

~ 20 dorsiflexion to ~ 30 plantarflexion. The training consisted of 4 sets of 4 repetitions. 

Importantly, both groups were instructed to perform the eccentric phase in a slow and 

controlled manner, have a short pause at the bottom of the movement, before maximally 

contracting as forcefully and rapidly as possible (intentional high RFD). The MST group 

used loads of ~ 90 % of one repetition maximum (1RM), with progressive increase in 

external load when the participant could lift a fifth repetition. Importantly, the actual 

concentric movement velocity in MST was slow, whereas an intended high velocity was 

emphasised since this has been shown to be important to maximise neural adaptations 

(22). The UBT group performed the training without an external load, but with a linear 

decoder attached to the ankle to monitor the actual velocity of the movement in real time, 

and ensure the participant performed each repetition with maximal velocity. Three 

minutes of rest was given between sets in both groups. A pilot test including two persons 
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was included post hoc where the two training conditions were monitored with 

electromyography (EMG)-electrodes placed on the SOL to reveal potential differences in 

activation pattern throughout the training. The electrodes were attached as described 

previously and EMG data collected with the same equipment (see evoked spinal 

potentials). EMG signals were analysed with MegaWin software (700.046, version 3.0). 

Average EMG root mean square (EMGrms) graphs were used to calculate peak EMGrms 

and time to peak EMGrms during three sets of four repetitions of both UBT and MST for 

each subject (24 data repetitions in total).  

 

Statistical analyses 

Statistical analyses were performed using IBM SPSS statistics version 23 (Chicago, IL). 

Graphic illustrations were made with GraphPad Prism 6 (San Diego, CA). Data were 

assessed for normality with Q-Q plots and Shapiro-Wilk’s test for normality, and all the 

main variables except Vmax/Msup-ratio exhibited a normal distribution (W = 0.758, p < 

0.001). Thus, the paired samples t-test was used to detect within-group differences 

following training for most variables. The Wilcoxon signed ranks test was used to test 

within-group differences in Vmax/Msup-ratio following training. Two-way repeated 

measures ANOVAs were used to detect between-group differences, followed up by 

Tukey´s post hoc test when appropriate. The relationship between variables was assessed 

with the Pearson test for linear regression. A p-value < 0.05 was considered statistically 

significant. Data are presented as mean ± standard deviation (SD) along with effect sizes 

(Hedges g) and 95 % confidence intervals (CIs) in text, and as mean ± SD in tables and 

figures.  
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RESULTS 

Subjects 

Both training groups completed 7±1 training sessions. One subject withdrew from the 

MST group due to Achilles tendon discomfort, likely associated with the training. A total 

of 35 subjects completed the study, 11 in MST (74 ± 5 years, 87 ± 13 kg, 180 ± 6 cm), 12 

in UBT (72 ± 5 years, 80 ± 15 kg, 174 ± 6 cm) and 12 in CG (73 ± 2 years, 87 ± 12 kg, 

178 ± 5 cm). One subject from UBT was excluded from VA analyses, due to difficulty in 

interpreting the data.  

 

Average load lifted per session increased by 153 ± 64 kg in the MST group from week 1 

to week 3 (week 1: 538 ± 133 kg; week 2: 626 ± 118 kg; week 3: 684 ± 116 kg, CI [107, 

199], p < 0.001, g = 1.13). In the UBT group peak plantar flexion velocity per set tended 

to increase from week 1 to week 3 (week 1: 1.06 ± 0.31 ms-1; week 2: 1.13 ± 0.25 ms-1; 

week 3: 1.22 ± 0.24 ms-1, CI [-0.03, 0.25], p = 0.106, g = 0.56). 

 

Maximal strength and rate of force development 

Plantar flexion MVC increased 18 ± 13 % (from 123 ± 27 to 146 ± 38 Nm, CI [11, 34], 

p = 0.001, g = 0.66) and 7 ± 8 % (from 109 ± 19 to 115 ± 19 Nm, CI [1, 12], p = 0.033, 

g = 0.32) in MST and UBT, respectively (Figure 1). RFD increased in MST by 35 ± 17 

% (from 1023 ± 323 to 1358 ± 362 Nm  s-1, CI [232, 440], p < 0.001, g = 0.94) and 

tended to increase by 6 ± 14 % in UBT (from 958 ± 260 to 1021 ± 298 Nm  s-1, CI [-19, 

144], p = 0.119, g = 0.22; Figure 1). The increase in MVC and RFD was larger in MST 

compared to UBT (CI [4, 29], p = 0.013 and CI [150, 395], p < 0.001, respectively). No 

pre- to posttraining differences were detected in the CG. All training-induced 

improvements in MST were significantly different from the CG (MVC: CI [13, 36], p = 
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0.001; RFD: CI [238, 448], p < 0.001). The increase in MVC in UBT was significantly 

different from CG (CI [1, 15], p = 0.022), whereas RFD tended to be different from CG 

(CI [-13, 153], p = 0.089). The absolute increases in MVC and RFD correlated when 

analysed for all groups collapsed (r = 0.737, p < 0.001). 

 

Evoked spinal potentials 

Following MST, Vmax/Msup-ratio increased by 80 ± 79 % (CI [0.02, 0.19], p = 0.010, g = 

0.66; Figure 1 and 2; Table 1). No pre-to posttraining difference in Vmax/Msup-ratio was 

detected following training in UBT (CI [-0.03, 0.02], p = 0.505, g = 0.06) or CG (CI [-

0.01, 0.02], p = 0.410, g = 0.07). Vmax increased following MST (CI [27, 529], p = 0.033). 

Msup decreased in UBT from pre- to posttraining (CI [5, 1222], p = 0.048). Between-

group differences in Vmax/Msup-ratio were detected for MST and UBT (CI [0.03, 0.20], p 

= 0.016) and MST and CG (CI [0.01, 0.19], p = 0.029). No between-group difference in 

Vmax/Msup-ratio was detected between UBT and CG (CI [-0.04, 0.01], p = 0.276). 

Hmax/Mmax during 10 % MVC remained unaltered in both training groups and controls. 

The absolute increase in Vmax/Msup-ratio was associated with the absolute increase in 

MVC when MST and CG were included (r = 0.598, p = 0.003; Figure 3). No such 

correlation was found for UBT and CG.  

 

Voluntary activation and resting twitch 

Voluntary activation tended to increase in the MST group (9 ± 15 %; CI [-1, 14], p = 

0.098, g = 0.68; Table 1). No such increase was detected in the UBT group (CI [-3, 7], p 

= 0.368, g = 0.24) or the CG (CI [-8, 9], p = 0.910, g = 0.03). No between-group 

differences were detected in VA. RT peak amplitude, time to peak amplitude, RT RFD, 
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RT RFR, RT RFD / peak and RT RFR / peak remained unchanged following MST and 

UBT (Table 2).  

 

EMG during training 

Monitoring the training revealed a significantly higher peak EMGrms amplitude during 

one repetition of MST than during UBT (285 ± 47 vs. 335 ± 71 V; CI [12, 88], p = 

0.012, g = 0.83; Figure 4). Moreover, time to peak EMGrms amplitude was significantly 

longer during MST than UBT (429 ± 155 vs. 167 ± 48 ms; CI [189, 336], p < 0.001, g = 

2.26; Figure 4). 
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DISCUSSION 

Strength training has the potential to improve efferent neural drive to maximally 

contracting skeletal muscle in older adults. However, as it is unknown if the efferent 

neural adaptations are augmented, or even dependent, on external resistance, we 

contrasted efferent neural drive responses following strength training with or without 

heavy external resistance. The main findings were that both UBT and MST increased 

muscle strength, however, only the latter improved efferent neural drive to maximally 

contracting muscle. These findings show that execution of ballistic contractions per se is 

not sufficient to enhance efferent neural drive in older adults; external resistance of the 

movement is a prerequisite. This may be of critical importance when strength training is 

performed to counteract the observed age-related decline in efferent neural drive, 

impairment in fast twitch musculature, and decline in physical function.  

 

Maximal strength training, force generating capacity, and efferent neural drive  

As expected, MST led to increases in skeletal muscle force generating capacity. In 

accordance with previous observations in older adults (1,8), the improvements in 1RM 

(18 %) and RFD (35 %) were associated with enhanced efferent neural drive to maximally 

contracting musculature. Notably, despite a relatively short (3 weeks) training 

intervention in the current study, the increase in Vmax/Msup-ratio was similar (80 % vs. 72 

%) to that previously observed after 8 weeks of training (1). This supports the concept 

that neural adaptations are prominent during the initial phase of a strength training 

intervention (23,24). Although it may also be a result of the heavier loads (85-90 % vs. 

75-80 % of 1RM) applied in the current study.  
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External heavy resistance, firing frequency, and motor unit recruitment 

As the V-wave response is sensitive to both firing frequency and motor unit recruitment, 

the different outcome between MST and UBT in the present study indicates that these 

factors were only sufficiently taxed during MST. Although a gradual linear increase 

between contraction intensity from weak to strong muscle action and EMG-activity has 

been shown previously (25), strong muscle action associated with high firing frequency 

and/or motor unit recruitment may be preferred to elicit training-induced neural adaptive 

changes. Indeed, a higher firing frequency and muscle recruitment during MST is 

illustrated by Figure 4 in the present study, revealing that peak EMG amplitude was 

markedly higher compared with UBT (MST: 335 ± 71 V; UBT: 285 ± 47 V). 

Furthermore, although both MST and UBT were performed through the full range of 

plantar flexion motion, the muscle action had a longer duration during MST (MST: 429 

± 155 ms vs. UBT: 167 ± 48 ms; Figure 4). Thus, external resistance of the movement 

may not only be required to tax the motor units at the high end of the recruitment 

hierarchy, but also simply to extend the period of time of ballistic effort, increasing the 

training stimuli. This is in line with a recent meta-analysis that concluded that not only 

was training intensity important to induce strength training-adaptations in older adults, 

but also time under tension (26). Since it takes > 300 ms to reach maximal force (27), the 

very transient burst of action potentials when carrying out UBT may simply have been of 

too short duration to recruit the fastest and strongest motor units, which are recruited last 

(15). Of note, although MST was performed with maximal intended velocity during the 

concentric phase, the actual movement velocity was slow, and the time of muscle action 

likely sufficient to elicit activation of the strongest fibers. The actual movement velocity 

likely also remained relatively constant following MST, due to the progressive increase 

in external loading. This is critical because it is these motor units that are associated with 
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rapid force development and primarily benefit from strength training-induced increases 

in efferent neural drive (10). In support of this notion, the current study revealed a clear 

tendency for VA to increase only after MST (Table 1). Although not consistently 

observed, the latter finding is in accordance with previous studies reporting that VA may 

increase after strength training in older adults (28,29). 

 

Maximal strength training and muscle fiber contractility 

Despite the use of heavy loads, ensuring recruitment of the strongest muscle fibers, no 

changes in muscle fiber contractile characteristics, as identified by RT responses (20,21), 

were observed in the present study. RT responses have been associated with muscle fiber 

type distribution (30) and sarcoplasmic Ca2+-kinetics (31). Although MST previously has 

been shown to change muscle fiber type distribution in old by increasing the size and 

percentage of fast twtich fibers (32), and alter Ca2+-pump characteristics (33), this has 

been after a longer duration (eight weeks) of MST. This may explain why muscle fiber 

contractile characteristics, in response to three weeks of MST, were unchanged in the 

current study. Again, this strengthens the concept that the first weeks of strength training, 

even when applying high intensity, is predominantly, perhaps even only, of neural origin 

(23,24). 

 

External heavy resistance and evoked potentials adaptations 

In MST, the efferent neural response to the external resistance applied has to be rapid, 

and it appears likely that this is regulated through afferent feedback from the contracting 

musculature. During MST, group Ia afferent impulses from muscle spindles (and possibly 

also group II afferents) may have elevated the level of synaptic input to the motoneuron 

pool, thereby enabling recruitment of the motor units with the highest firing thresholds, 
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when summarized with voluntary supraspinal output (34). In absence of such facilitating 

afferent input when there was no external resistance, as was the case in UBT, the baseline 

tension of the motoneuron pool was likely lower, thereby denying recruitment of the 

largest motoneurons, despite maximal voluntary efferent output. Indeed, the findings of 

the present study indicate that the mechanical tension during MST may have been 

required to elicit sufficient Ia afferent facilitation to mobilize the full potential of the 

motoneuron pool. Moreover, mechanical tension may also be needed to produce training-

induced depression of Ib afferent autogenic inhibition from Golgi tendon organs on the 

motoneuron pool (34,35), thereby allowing higher efferent neural drive to the contracting 

muscle. As UBT is performed without external resistance it may not have triggered this 

adaptation, because Golgi-induced inhibition is largely load-dependent (36). Importantly, 

since the efferent neural drive measurements were obtained during loaded conditions in 

the present study (V-wave during MVC), training-induced depression of Ib afferent 

inhibition may have contributed to the adaptive changes in efferent neural drive following 

MST.  

 

The origin of the MST-induced efferent neural drive enhancement in older adults is an 

interesting, albeit a challenging question. Our data revealed that the peripheral reflex 

volley, measured as the Hmax/Mmax-ratio during low-force contractions, remained 

unaltered. This observation appears to be quite typical for older adults engaged in heavy 

strength training, as it is in accordance with many previous studies (1,8,28), and suggests 

that motoneuron excitability and/or presynaptic/postsynaptic inhibition may not have 

contributed to the increased efferent neural drive response. Given that H-reflex latency 

remained unchanged also suggests that the peripheral reflex arc was unaltered following 

MST (see table 1). Interpreted in conjunction with the observed increase in Vmax/Msup-
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ratio, it appears likely that the efferent neural drive enhancement may have been more 

dependent on alterations in the central motor pathway. Albeit, this interpretation should 

be made with caution since Vmax/Msup-ratio measurements obtained during superimposed 

electrical stimulation during MVC recruit a broader motoneuron pool than the H-reflex 

(37). However, a recent study from our laboratory showed the important contribution 

from corticospinal factors by revealing a contralateral effect of efferent neural drive in 

the untrained limb following MST of the opposite limb (8). Such contralateral gains have, 

as a necessary consequence of experimental design, been attributed to corticospinal 

factors (38), and strengthens the assumption with which we can assume that corticospinal 

factors play an important role in MST-induced enhancement of the efferent neural drive.  

 

Unloaded ballistic training, force generating capacity, and efferent neural drive 

Despite ballistic execution of movement, aiming to recruit fast twitch muscle fibers, 

unloaded training did not improve efferent neural drive in the present study. This implies 

that efferent neural drive adaptations associated with maximal muscle action in older 

adults are dependent on heavy external resistance and are not a result of motor skill 

learning. This contrasted our hypothesis but may be unsurprising considering it has 

previously been documented that conventional strength training and motor skill training 

result in different adaptive changes in the central nervous system (39,40). However, 

ballistic execution of the motor skill training was not applied in these studies, and it is 

uncertain whether this may have yielded a different outcome. Acute training studies have 

suggested that ballistic exercise without heavy external resistance may have the potential 

to alter central components of the nervous system in older adults (41,42). However, since 

these indications stem from an acute training bout and not chronic training, as was used 

in the present study, the lack of change in efferent neural drive following UBT in the 
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current study indicates that acute central adaptations to low-force contractions may not 

be mirrored in chronic training adaptations. Our findings underpin the importance of 

separating adaptive changes following weaker contractions that occur acutely from 

improved performance from strong muscle action with the aim of targeting the high end 

of the muscle recruitment hierarchy to combat the age-related loss of maximal muscle 

strength and physical function related to rapid force development. 

 

Despite a lack of improvement in efferent neural drive, UBT led to an increase in maximal 

strength in the current study. This finding implies that efferent neural drive during 

maximal muscle action is not the sole factor that contributes to enhancement of maximal 

strength. E.g. antagonist muscle coactivation could potentially be reduced after strength 

training in older adults (43) leading to improved coordination of muscle force without 

necessarily affecting maximal efferent neural drive. Indeed, improved coordination was 

suggested to be a determining factor in early velocity specific strength gains in young 

adults (14). Nevertheless, the MST-induced improvement in maximal strength (18 %) 

was larger compared to UBT (7 %) in the current study, and MST also led to an 

improvement in RFD. In combination suggesting heavy strength training to be superior 

for enhancement of skeletal muscle force generating capacity in older adults. 

 

Practical implications  

Attenuating the age-related decline in efferent neural drive is essential in order to limit 

age-related loss of maximal force generating capacity (44,45). Older adults appear to rely 

more on increases in neural adaptations compared to younger individuals in order to 

increase strength (46), indicating that the central motor pathway should be targeted in this 

group. In particular, older adults should aim to maintain muscle strength of the lower 
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extremities, since a minimum of leg muscle strength is essential to maintain functional 

abilities and independence at old age. Unsurprisingly, the current study agrees with 

previous literature that high intensity strength training performed in a ballistic manner is 

effective to increase efferent neural drive and muscle strength. However, importantly, the 

current findings also highlight that ballistic muscle action alone are not sufficient to 

produce large increases in muscle strength or any improvement in efferent neural drive; 

for this purpose ballistic contractions must be exerted against external resistance. By 

applying heavy strength training older adults can optimally stimulate efferent neural 

drive, while at the same time triggering muscle hypertrophy to counteract loss of muscle 

mass (32). The commonly applied maximal strength training model (8,47-49), performed 

with intended ballistic execution at 85-90 % of 1RM, appears to be an excellent strategy 

to maximize health benefits for the older population. 

 

Conclusion 

The current study documents that external resistance is a key determinant for eliciting 

improvements in efferent neural drive in older adults. Despite yielding modest increases 

in maximal muscle strength, UBT did not increase efferent neural drive to maximally 

contracting musculature. In the absence of external loading, intensity and duration may 

be too low for activation of the largest motor units. The results in the current study suggest 

that strength training should be recommended for the aging population, not only for 

greater improvements in skeletal muscle force generating capacity, but also for 

counteracting the age-related attenuation of efferent neural drive. 
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Table 1. Evoked potentials (absolute amplitude (µV) and normalized) and voluntary activation (%) in the 

soleus muscle during plantar flexion. 

 

                     MST                     UBT                   CG 

        Pre       Post        Pre       Post        Pre       Post 

Hmax     796 ± 423    763 ± 323  1295 ± 7310  1084 ± 5160    951 ± 586  1296 ± 1206 

Mmax  3335 ± 1266  3397 ± 1344  3995 ± 1420  3868 ± 1693  3680 ± 1988  4299 ± 2362 

Hmax/Mmax    0.25 ± 0.12   0.24 ± 0.09   0.32 ± 0.14   0.29 ± 0.12   0.26 ± 0.11   0.27 ± 0.20 

H-reflex latency (ms) 36.66 ± 2.33 36.74 ± 2.65 36.02 ± 2.38 36.08 ± 2.47 37.35 ± 2.34 37.32 ± 2.38 

M at Hmax (%Mmax)      35 ± 17      34 ± 13      33 ± 13      33 ± 11      37 ± 15      36 ± 17 

Vmax    445 ± 215    723 ± 323**    646 ± 634    737 ± 1151    567 ± 460    573 ± 668 

Msup  3551 ± 1152  3231 ± 1215  4355 ± 1919  3741 ± 1791*  4862 ± 2189  4536 ± 2610 

Vmax/Msup    0.14 ± 0.08   0.24 ± 0.20**,#   0.17 ± 0.15   0.16 ± 0.15   0.11 ± 0.07   0.12 ± 0.07 

VA      79 ± 9      84 ± 5p=0.098      81 ± 10      83 ± 8      80 ± 13      80 ± 14 

Data are presented as mean ± SD. MST maximal strength training (N = 11), UBT unloaded ballistic 

training (N = 12), CG control group (N = 12), Mmax maximal M-wave amplitude during 10 % maximal 

voluntary contraction (MVC), Hmax maximal H-reflex amplitude during 10 % MVC, Hmax/Mmax maximal 

H-reflex amplitude/maximal M-wave amplitude, Msup maximal M-wave amplitude during maximal 

voluntary contraction, Vmax maximal V-wave amplitude during MVC, Vmax/Msup maximal V-wave 

amplitude/maximal M-wave amplitude, VA voluntary activation. *p≤0.05, **p≤0.01, significant 

difference within group from pre- to posttest, #p≤0.05 significant difference between MST and other 

groups from pre- to posttest. 
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Table 2. Evoked resting twitch responses. 

                    MST                  UBT                   CG 

        Pre       Post        Pre       Post        Pre       Post 

Peak RT (N)    107 ± 44   130 ± 43   130 ± 26   132 ± 35   134 ± 65   122 ± 41 

Time to peak (ms)   165 ± 92   133 ± 39   135 ± 24   139 ± 28   155 ± 23   131 ± 36  

RT RFD (Ns-1)  1020 ± 457 1304 ± 531 1199 ± 318 1337 ± 513 1214 ± 722 1129 ± 441 

RT RFR (Ns-1)   690 ± 456   706 ± 308   621 ± 241   537 ± 378 1003 ± 516   874 ± 373 

RT RFD / peak (s-1)       9 ± 2     10 ± 2       9 ± 1     10 ± 3       9 ± 2       9 ± 2 

RT RFR / peak (s-1)       6 ± 3      6 ± 2       5 ± 2       4 ± 3       7 ± 2       7 ± 3 

Data are presented as mean ± SD. MST maximal strength training, UBT unloaded ballistic training, CG 

control group, RT resting twitch, RT RFD rate of force development between 10 and 90 % of peak twitch, 

RT RFR rate of force relaxation between 90 and 10 % of peak twitch, RT RFD/peak and RT RFR/peak 

ratio between RT RFD and RT RFR and peak RT.  
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FIGURE LEGENDS 

Figure 1. Panel 1: V-wave traces for a representative subject in MST (maximal strength 

training group), UBT (unloaded ballistic training group) and CG (control group). Dotted 

line represents pretest and whole line represents posttest, Msup maximal M-wave 

amplitude during maximal voluntary contraction, Vmax maximal V-wave amplitude during 

maximal voluntary contraction (MVC). Panel 2: MVC at pre- and posttest. Panel 3: rate 

of force development (RFD) at pre- and posttest. Data in panel 2 and 3 are presented as 

mean ± SD and individual responses. *p≤0.05, **p≤0.01, significant difference within 

group from pre- to posttest, #p≤0.05 significant difference between MST and other groups 

from pre- to posttest.  

 

Figure 2. Vmax/Msup-ratio (maximal V-wave amplitude/maximal M-wave amplitude) at 

pre- and posttest in MST (maximal strength training group), UBT (unloaded ballistic 

training group) and CG (control group). **p≤0.01, significant difference within group 

from pre- to posttest, #p≤0.05 significant difference between MST and other groups from 

pre- to posttest. Data are presented as mean ± SD and individual responses.  

 

Figure 3. Relationship between absolute changes in Vmax/Msup-ratio (maximal V-wave 

amplitude/maximal M-wave amplitude) and maximal voluntary contraction (MVC) from 

pre- to posttest in MST (maximal strength training group; dots) and CG (control group; 

triangles). The solid line shows the regression line with the dotted line representing the 

95 % confidence limits of the regression. 

 

Figure 4. Soleus raw electromyography (EMG) and smoothed EMGrms (whole line) data 

from (a): a subject performing two sets of four repetitions in the maximal strength training 
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(MST) condition; (b) a subject performing two sets of four repetitions in the unloaded 

ballistic training (UBT) condition. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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