Effect of aging on H-reflex response to fatigue
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ABSTRACT

Injury as a result of tripping is relatively common among older people. The risk of falling increases with fatigue and
of importance is the ability to dorsiflex the foot through timely activation of the tibialis anterior (TA) muscle to
ensure the foot clears the ground, or an obstacle, during the swing phase of walking. We, therefore, questioned
whether the muscle spindle input to the motoneurons alter with ongoing fatigue in elderly people. We electrically
stimulated the common peroneal nerve to assess the TA primary afferent efficacy using H-reflex before, immediately
following and after a fatiguing maximal isometric contraction. M-response was kept unchanged throughout the
experiment to ensure a similar stimulus intensity was delivered across time points. H-reflex increased significantly
while the TA muscle was in a state of fatigue for the younger participants but tended to decrease with increasing age.
The main contributor to the tonicity of TA muscle, i.e., excitatory synapses of spindle primary endings of
motoneurons that innervate TA muscle, tend to lose their efficacy during fatigue in the older individuals but
increased efficiency in the majority of the younger people. Since TA muscle is the main dorsiflexor of the foot and it
needs to be active during the swing phase of stepping to prevent tripping, older individuals become more susceptible
to falling when their muscles are fatigued. This finding may help improve devices/treatments to overcome the

problem of tripping among older individuals.
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ABBREVIATIONS
BMI Body-mass index
H-reflex Hoffmann reflex
Mmax Maximum direct motor response
M-response Direct motor response
MVC Maximum voluntary contraction
ROM Range of motion
SD Standard deviation
SEMG Surface electromyography
TA Tibialis anterior



1. INTRODUCTION

Incidences of older individuals falling presents a major societal health problem as it can lead to serious
injury (Bergen et al. 2016). A fall resulting in severe injury such as hip fracture and traumatic brain injury (Stel et al.
2004) increases the likelihood of further complications leading to morbidity, hospitalization and institutionalization
among community dwelling elders (Elliott and Leland 2018). Falls among older people has become such a serious
global socioeconomic issue that in 2007 the World Health Organization (WHO) recommended a proactive
systematic approach to developing policies and strategies for falls prevention tailored to target older populations
(WHO). There are several factors that may contribute to making a person more likely to experience a fall including
poor vision, reduced mobility skills, side effects of medication, improper footwear and environmental hazards
(Bloch et al. 2010; Deandrea et al. 2010). Older individuals experience age-related changes in visual, vestibular,
proprioceptive and neuromuscular systems which increase their risk of falling (Kerrigan et al. 1998; Shaffer and

Harrison 2007; Stelmach et al. 1990; Tang and Woollacott 1998).

A study of activation of leg muscles in young and older subjects when tripped showed that several
muscles were late to activate in the older group. The likelihood of tripping increases greatly with fatigue due to
adjustments to gait such as increased step width, longer double support and greater minimum foot clearance to
compensate for a reduction in balance ability regardless of age (Nagano et al. 2014). For older individuals, having
reduced muscle mass, strength (Landi et al. 2018) and aerobic capacity (Kirkendall and Garrett 1998), fatigue is
important since it can affect balance and increase the likelihood of stumbling. After a trip occurs, slower reaction
times in older individuals means that they are less able to regain balance after it is lost, resulting in a fall (Morrison
et al. 2016). A systematic review presents studies in gait adjustments for stepping over an object in young and older
people. The older volunteers tend to overcompensate by increasing hip and knee flexion, hip abduction and ankle

dorsiflexion to ensure hazard clearance. Yet with a time constraint, older subjects are more likely to trip (Galna et al.

2009).

Postural sway during standing is greater in older than young subjects (Tavares et al. 2017) and cortical
proprioceptive processing is impaired with ageing (Piitulainen et al. 2018). So, a decline in balance may be partially
due to reduced proprioception and ability of the cortex to process sensory information (Piitulainen et al. 2018).

These aging-related functional declines result in an increased likelihood of falling when fatigued.

During walking, timing and amplitude of muscle activation is important for optimal function. During
stair climbing older subjects have been shown to have less dorsiflexion of the ankle than younger volunteers
(Benedetti et al. 2007). During walking while apprehensive, induced by a cognitive dual task, muscle activation

level and co-contraction of the triceps surae and tibialis anterior (TA) muscles increases more in older subjects than
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young (Hallal et al. 2013). This co-contraction causes reduced efficiency of ankle dorsiflexion in the swing phase
with older people expending 21% more energy than younger subjects due to co-contraction of TA and triceps surae
during normal walking increasing the chance for the toes to contact the ground during the swing phase (Mian et al.

2006) .

Muscle spindles help coordinate muscle activation during standing (Aniss et al. 1990), stepping (Cronin
et al. 2009) and bouncing gaits such as running and hopping (Ellaway et al. 2015; Geyer et al. 2003). Early rat
(Andrew et al. 1978) and cat (Bennett et al. 1996; Taylor et al. 2006) studies show that gamma motor efferents are
predominantly responsible for activation of soleus extrafusal fibers in quiet standing. The gamma system and muscle
spindles are vital for maintaining posture during standing, walking and running (Takakusaki 2017). In fact, one of
the major functions of the muscle spindles is to stabilize the body during actions such as walking (Taylor et al. 2006;
Zehr and Stein 1999). This is achieved by the gamma system which induces activation of both the agonist and
antagonist (Taylor et al. 2006) of, for example, the ankle joint in order for that particular leg to be moved with the

rigid foot following it without dangling during stepping.

In this study we attempt to discover whether effectiveness of spindle afferent input into motoneurons
that innervate the primary muscles that extend the toes and dorsiflex the foot (Nath and Somasundaram 2017)
changes during fatigue and whether the changes are related to age. Our principle hypothesis is that the spindle input

will be different between young and old and this is exaggerated during fatigue.

2. METHODS

Experiments were performed in the neurophysiology laboratory of Ko¢ University. All participants gave
written informed consent to the experimental procedures, which were in accordance with the Declaration of Helsinki
and were approved by the University's Human Ethics Committee (2017.124.IRB2.038). Forty-nine volunteers aged
between 18 and 80 years were assessed in this study. Nine of the subjects were female (average age; 35.9 + 14.1 yrs
[mean + SD] and body mass index [BMI]; 22.9 + 2.0 kg/m?) and forty were male (average age; 48.2 £+ 19.9 yrs,
BMI; 25.3 = 3.1 kg/m?). The age distribution for subjects was 18-29 (N=13), 30-39 (N=7), 40-49 (N=7), 50-59
(N=7), 60-69 (N=7) and 70-80 (N=7) yrs. To standardize the body shape, we only included subjects with a BMI
value between 20 to 31 kg/m?. All were selected from population of Kog¢ University and Sariyer district and were

healthy as well as free from any neuromuscular disorders.
2.1 Setup

The Spike2 7.20 software package (Cambridge Electronic Designs, Cambridge, UK) was used with



CED 1902 Quad System MKIII amplifier and CED 3601 Power 1401 MKII digital to analogue converter (DAC) to
record surface electromyography (SEMG) and force data. A constant current stimulator (model DS7A, Digitimer
Ltd, Hertfordshire, UK) was used to deliver both twitch interpolation and H-reflex stimuli. A force plate attached to
a linear strain gauge (Model LC1205-K020, A & D Co. Ltd., Tokyo, Japan: linear to 196 N) was used to quantify the

amount of twitch produced with electrical stimulation (Fig 1).
2.2 Surface Electromyography

SEMG was recorded with self-adhesive bipolar Ag/AgCl electrodes placed over the belly of the TA
muscle of the right leg in a longitudinal alignment with 4 cm interelectrode distance (Tucker and Tiirker 2005) (Fig
1a). Skin resistance was tested to ensure the connection was optimal (less than 10 kQ). SEMG activity was filtered
at 20-10,000 Hz band pass filter and recorded with 20,000 Hz sampling rate. The skin over the TA muscle of each
subject was prepared by first shaving the area then rubbing it gently with a very fine grade of sandpaper and
cleaning with an alcohol swab. Gel was applied to the recording site and after allowing the gel to soak into the skin
for a few moments it was rubbed off with a clean tissue. The same preparations were done on the lateral malleolus

on which ground electrode for recording was placed.
2.3 Force Recording

The right foot was tightly strapped to the force plate and secured with Velcro tape. Tight fixation of the
foot was ensured to prevent loss of force and to make sure that the dorsiflexion was isometric (Fig 1b). Force signals

were amplified 1,000 times, filtered with DC-100 Hz and sampled at 2,000 Hz.
2.4 Experimental Procedure

Subjects were asked to lie down in a prone position on a plinth and their right foot was secured to a
force plate located at the foot of the plinth. After placement of the SEMG electrodes, exact position of the
stimulating electrodes was determined as follows; i) head of fibula was located, ii) custom made anode and cathode
with 2 cm interelectrode distance was placed just distal to the head of fibula, iii) an evoked M-response without
voluntary contraction and H-reflex with slight voluntary contraction using 1 ms width square pulses was found and

that location was determined as the hotspot for the stimulation in the experiment.

The next step was to find the maximum M-response (Mmax) that was achieved by increasing the
stimulus intensity up to a point where no further increment in M-response was observed. This stimulus intensity was
noted and 1.5x this level was used for twitch interpolation. Maximum voluntary contraction (MVC) level using
SEMG of TA muscle was then determined by asking the subject to perform maximal dorsiflexion 3 times with

verbal encouragement from the researchers. The maximum of three attempts, each lasting for 3 s with a resting



period of 30 s in between, was selected as the MV C. After that, 10% of MVC was determined and displayed to
subjects on a monitor and they were asked to keep their contraction steady at the target level to facilitate generation
of H-reflex. Determination of the EMG levels, including the visual feedback provided to subjects, were done using
rectified and smoothed (by 0.2 s) EMG. Before the experiment subjects were trained several minutes to familiarize
with the feedback monitor and the level of contraction to achieve their own 10% of MV C. In addition, one of the
researchers provided verbal feedback to make sure that the subjects contract the muscle at 10% of MVC during H-

reflex testing.

After a rest period of one minute, the experimental protocol was initiated. Subjects were asked to
perform dorsiflexion at 10% of MVC and to hold that level during the stimulation period and then, to obtain H-
reflex, 30 square pulses with 1 ms width were delivered with an interstimulus interval of 1-2 seconds as the first pre-
fatigue assessment, followed by a 2-minute resting period. Randomly delivered stimuli at this rate has been reported
not to cause post activation depression so long as the muscle is contracting actively (Burke et al. 1989). H-reflex was
obtained by applying bipolar electrical stimulation to the common peroneal nerve just below the head of fibula (Fig
1a). Stimulus intensity was set to generate an H-reflex together with an average M-response of about 15-20 % of

Mmax.

Thirty seconds before the next step, several stimuli were delivered to make sure that the cathode position
did not shift by measuring peak-to-peak M-response in real-time. If the M-response amplitude was reduced due to
slight change of cathode position, the stimulation intensity was increased slightly to keep the M-response amplitude
similar with the previous protocol, or if the M-response was increased then stimulus intensity was reduced to keep

the level same.

Next, 30 more stimuli were delivered at the same intensity in the 2" stimulation block before the
fatiguing maximal isometric contraction. As soon as the last stimulus was delivered, the subject was asked to
contract TA muscle as much as he/she can with a continuous verbal encouragement from the researchers. During this
fatiguing period, a pair of 100 Hz stimuli with 1.5x supramaximal threshold intensity were delivered (Fig 1¢) every
10-20 s (Herbert and Gandevia 1999). The real-time twitch production was monitored, and fatigue was determined
with an objective measurement: i) the maximum persistent force production was reduced to below 50% of MVC and
ii) twitch produced by supramaximal stimuli could not increase the force level over 50% of MVC. Hence, the
subject was regarded as fatigued if their force generation capacity was reduced to below 50% of their own maximum
with and without electrical stimulation. At this time subjects were immediately asked to keep their contraction level
at 10% MVC and 30 stimuli at the same settings were delivered (fatigue assessment set). This period was followed

by 2 sets of 30 stimuli post-fatigue with 2 minutes of rest in between.



2.5 Analysis

The waveform average of trains of stimuli for each set was done using Spike2 software. The peak-to-
peak value of average M-response and H-reflex, located between the blue markers for M and red markers for H,
were calculated as shown in Fig 2. Moreover, a sample recording of determination of the fatigue has been shown in
Fig 2¢ where the force generation no longer goes above 50% of their own MVC even with the electrical stimulation.
The amplitudes in all 5 trials (2x pre-fatigue, fatigue and 2x post-fatigue) were calculated. The measured responses
were normalized to each subjects’ own Mmax to provide a percent response. Then, the two pre and two post values
were averaged to provide one pre-fatigue value and one post-fatigue value for H-reflex. This was also done for M-
response to see if M-response remained similar between sets. The percent reflex change between pre and fatigue was
calculated by subtracting the pre-fatigue H-reflex value from fatigue H-reflex and dividing by pre-fatigue H-reflex
amplitude (Pre-fatigue vs Fatigue), and this was done in the same way for Pre-fatigue vs Post-fatigue. The
percentage change of H-reflex for each subject was fitted to a linear regression line to correlate the reflex amplitude
changes with age. For the M-response, Shapiro-Wilk test was used to test their distribution and Wilcoxon matched-
pairs signed rank test was used to investigate their difference. The level of significance was determined as p<0.05.

GraphPad Prism 8 was used for statistical analysis.

3. RESULTS

Linear regression showed that change in the H-reflex amplitudes during the fatigue period was
significantly higher in the younger people but decreased with increasing age (R?=0.3735, p<0.0001) compared to
pre-fatigue condition, illustrated in Fig 3. The level of M-response between pre-fatigue and fatigue period was found

to be insignificant (p=0.1876), revealing similar effective stimulus intensity were delivered in each protocol.

After the fatigue period, recovery of the H-reflex was not correlated with the age and showed no

significant change (R?=0.0069, p=0.5691) which was also the case for the M-response (p=0.2063) (Fig 4).

4. DISCUSSION

This study has led to two original findings: Firstly, that synaptic efficacy of muscle spindle primary
endings in TA muscle changes significantly during fatigue. Secondly, that during fatigue, spindle efficacy increases

in the young while it decreases in the old.

Falls in older people often occur as a result of tripping (Hundza et al. 2018). This is likely related to



physiological differences between young and older people. Aging results in several changes in the physiology of
joints, including a reduced water content of cartilage, synovial fluid volume and proteoglycans which leads to
increased stiffness (Hamerman 1998). This increased stiffness reduces range of motion (ROM) of the ankle in older

people leading to compromised functional ability.

The TA muscle is primarily responsible for dorsiflexion of the foot and its timely activation during the
walking gait cycle is important for achieving minimal foot clearance during the swing phase of walking which is
fundamental for avoidance of tripping (Nagano et al. 2015). Dorsiflexion ROM of the first metatarsophalangeal joint
can be reduced by as much as 32% in older people compared with their younger counterparts due to joint stiffness
(Scott et al. 2007). This reduced range of motion combined with loss of strength through sarcopenia likely
contributes to an increased risk of tripping among older individuals due to insufficient activation of TA when the
muscle is fatigued. The ability for people to adapt to changes in terrain due to this reduction in ankle dorsiflex is
strongly correlated with poor balance and function among older people (Menz et al. 2005; Spink et al. 2011). In fact,
one study has shown that the age-related decrease in the ability to dorsiflex the ankle is a risk factor for falling

(Menz et al. 2006).

One of the most common causes of falling among older people is tripping over an object (Lord et al.
1993). This can result in severe injury and may be related to many factors including ill-fitting footwear, poor vision
and balance (Deandrea et al. 2010). Fatigue is also a major contributor to falls among older individuals as strength
and force production capability are reduced while muscles are in a state of fatigue (Hatton et al. 2013). During
fatigue, voluntary movements and the response to a perturbation are slowed which can impair function so that
regaining balance when it is lost is not possible and a fall then occurs. Older individuals compensate for reduced
function while fatigued by altering their gait to wider steps, increasing variability in step length and altering trunk
acceleration (Helbostad et al. 2007). Rather than improving their ability to keep their center of mass within the base
of support, these changes may, in fact, reduce their stability while walking in a fatigued state making a fall more
likely. Conversely, one study showed that fatigue of the knee extensors resulted in faster walking, longer stride
length and less variability in stride length among older volunteers (Granacher et al. 2010). The authors suggest that
the tendency for the older volunteers to increase their speed was a strategic decision to try to complete the task more

quickly to relieve the discomfort associated with fatigue. Clearly, further investigation on this topic is warranted.

The results from the present study align with previous research which suggests that immediately after a
fatiguing contraction, while the subjects perform a submaximal isometric contraction an increase in amplitude of the
H-reflex relative to M-response becomes evident for some muscles (Stutzig and Siebert 2017). This was the case for

TA muscle in the younger subjects in the present study. Interestingly, some studies investigating plasticity of neural



pathways following a fatiguing contraction stimulated the nerve while the muscle was at rest and found the opposite
effect, that H-reflex was reduced immediately after a fatiguing contraction relative to the M-response (Duchateau et
al. 2002; Walton et al. 2002). The consensus from the authors of the above-mentioned studies was that the
underlying mechanisms for the differences in findings are likely multi-faceted since there were differences in the
protocols of these studies other than the activation of the muscle under investigation (Stutzig and Siebert 2017). The
fatiguing protocols used in previous studies varied with fatigue being induced with voluntary isometric contractions,
voluntary dynamic contractions or neuromuscular electrical stimulation (Stutzig and Siebert 2017). In this study we
have attempted to use a standardized approach to the fatiguing contraction. Volunteers in this study maintained a
maximal isometric contraction of TA for as long as they could while the investigators continued to give verbal

encouragement. The twitch interpolation method was used to ensure 50% MVC fatigue was induced.

The previously mentioned study by Stutzig and Siebert (2017) also employed the twitch interpolation
method to determine the level of fatigue during a muscle contraction which was maintained using neuromuscular
electrical stimulation at 80 Hz with 5s on, 20s off between trains. A superimposed doublet with interstimulus interval
of 10ms was used in the same way as the present investigation to assess the level of fatigue while volunteers were
maintaining an isometric contraction of 20% MVC. This is a valid method for ensuring peripheral fatigue has been
achieved as the twitch does not rely on central control (Herbert and Gandevia 1999). The volunteers in our study
achieved a fatigue of 50% MVC force with the twitch interpolation although the level of activation was 10% of the
rested MVC measured using SEMG. Using this method, we can be sure that the muscle is in a state of fatigue
however the fatigue-test must be done immediately after the fatiguing isometric contraction as recovery can be quick

as shown in the current post-test data.

During each experiment the M-response was monitored to make sure it remained at the same level
throughout the testing session. This ensures that the effective stimulus was kept stable throughout the experiment.
Therefore, any change in the H-reflex response would represent a genuine alteration in the efficacy of the spindle

primary afferent synapse on the motoneuron pool that innervates the tibialis anterior muscle.

Studies of older age groups have shown that ageing is associated with functional decrements in balance,
force production capacity, reaction time and proprioception as discussed by Shaffer and Harrison (2007). Also,
Hatton et al. (2013) showed that fatigue of the lower limbs in older volunteers impairs movement control and
accuracy of foot placement before and after negotiating low-level obstacles. When these are compromised by

fatigue, tripping becomes more likely.

Fatigue is described as a failure to maintain power output. Peripheral fatigue occurs as a result of failure

of biological functions caused by high intensity repeated activity and may involve the motoneuron, neuromuscular



junction, sarcolemma membrane, excitation-contraction coupling, accumulation of metabolites or depletion of fuel
sources (Kirkendall 1990). Central fatigue describes the failure of muscles to produce force as the result of reduced
activation of the motor cortex decreasing recruitment of the motoneuron pool at the spinal level (Gandevia 2001). It
is the combination of these that results in the eventual failure of the participant to continue the task. A recent study
that compared aerobically induced fatigue of large and small muscles between young and older volunteers found
that, although the younger group performed significantly more work than the older group, their peripheral fatigue
level was less than that of the older group while their central fatigue level was greater (Weavil et al. 2018). An
important variable in the study by Weavil et al. (2018) is the physical activity level of participants and the authors
were careful to match physical activity between the groups. Since the aerobic fitness level of the individuals in each
of the groups is similar, it is interesting that age was a determining factor for both central and peripheral fatigue
following both knee extension and cycling exercise. The authors explained that this may be due to neural feedback

from group III/IV muscle afferents and neural feedforward.

In the present study, the difference between younger and relatively older adults is that, while the change
in H-reflex among the younger subjects aligned with previous research, that is it increased during a submaximal
contraction while fatigued (Stutzig and Siebert 2017), the changes in H-reflex for the older group were the opposite.

H-reflex amplitude decreased with increasing age.
4.1 Conclusions

This study is in line with previous research that shows fatigue affects H-reflex of a lower leg muscle.
This investigation shows that there is a difference in response of the H-reflex to a voluntary fatiguing isometric
contraction of the TA muscle between young and relatively older adults. The TA muscle was chosen as the muscle of
interest for this study as it plays a vital role in dorsiflexion of the foot which can be compromised if the TA is
fatigued. This becomes more important when an individual has poor balance as is the case for many older
individuals. Since the timely activation of the TA muscle during walking is vital for avoidance of a fall, the current
study suggests that exercises to maintain strength and fatigue resistance of this muscle is relevant for older

individuals.
4.2 Limitations of the Study

We used SEMG of the TA muscle for determining its MVC. This is due to the fact that although SEMG
represents the activation of motor units in a given muscle, dorsiflexion force is induced by a combination of muscles
including the antagonists (Scutter and Turker 1998). Therefore, SEMG of one of the contributing muscles, i.e. TA,

was our method of choice for determining the MVC of the TA muscle. However, for the fatiguing contraction and

10



twitch interpolation, we used the dorsiflexion force. This is due to the fact that published literature describes
muscular fatigue as “the reduction in force generating capacity” and we were also stimulating the muscles’ nerve for
twitch generation. We suggest that, although this may look controversial, SEMG is the optimal way to activate the
motor units in a muscle of interest at a given level of drive, i.e. 10% MVC. We also note that 10% MVC before
fatigue and immediately after fatigue may represent activation of a different population of motor units. This
problem would have been compounded if force was used for feedback, as the contribution of TA to 10% MVC force
would vary since there are abundant ways to generate 10% MVC force in a limb where several muscles contribute to

its force production. In addition, number of female participants was lower compared to male.
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Figure Legends

Fig 1 The experimental setup used in the study. A) The location of SEMG electrodes was on the belly of TA muscle
and the stimulating electrode slightly distal of the head of the fibula. B) The position of the subject and placement of
the leg against the force transducer. C) The experimental procedure for pre-fatigue (1, 2), ongoing fatigue (F) and

post-fatigue (3, 4) sets

Fig 2 A sample recording of the smoothed SEMG, raw SEMG and force. A) Rectified-smoothed (by 0.2 s) SEMG
represents the 10% MVC background activity which is similar during each of pre-fatigue, fatigue and post-fatigue
protocol respectively from left to right. B) Each figure shows an average response to primary afferent stimulation. C)
The larger box represents the fatigue development over time in force recording and the inserted smaller box
illustrates a magnified view of a twitch produced by paired stimuli. The letter M stands for M-response and H for H-
reflex. The “*” indicates the stimulus artifact. Blue double arrows show the paired supramaximal stimuli. Only one
of the pre and post fatigue protocol is illustrated for representation purposes, note that there were 2 pre-fatigue and

post-fatigue protocols for each subject

Fig 3 The percent change of H-reflex between pre-fatigue and fatigue as well as obtained M-responses during these
periods. Significantly reduced H-reflex generation in fatigue compared with the pre-condition with increasing age
was observed in linear regression (figure on the left) while similar amplitude M-response (figure on the right) was

found for pre-fatigue and fatigue. Error bars are standard error of the mean, "p>0.05

Fig 4 The percent change of H-reflex and comparison of the mean M-response between pre-and post-fatigue trials.
No significant change of H-reflex amplitude with increasing age was observed during the recovery period for linear
regression (figure on the left) and similar amplitude M-response was observed in both pre- and post-fatigue protocol

(figure on the right)
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