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Abstract 

 

Muscle Spindle Responses Following Fatigue and Ischemia. 

 

Tamanna Abdulhakim Shaikh, M. S. KIN. 

The University of Texas at Austin, 2011 

 

Supervisor:  Lisa Griffin 

 
The purpose of this study was to determine whether ischemia would enhance muscle 

spindle responses to tendon tap and vibration during submaximal fatiguing contractions 

in the soleus muscle of able-bodied individuals. Nine healthy adults attended two 

experimental sessions approximately 48 hours apart. Both sessions were identical except 

that the fatigue task in one was performed with a pressure cuff placed above the knee and 

inflated to 180 mm Hg. Three 5s maximum voluntary contractions (MVCs) were 

performed prior to and after the fatigue task. Each participant held a target force of 20% 

MVC until endurance time (peak-to-peak tremor amplitude exceeded 5% MVC or target 

force dropped by 2% for 3s). Muscle spindle responses were evaluated using the peak-to-

peak EMG amplitude of tendon taps (delivered by a custom-made tapper) and the Motor 

Unit Firing Rates (MUFR) during 15 s of vibration, recorded with fine-wire 

intramuscular electrodes. H reflex responses were measured before and after fatigue for 

each condition, to measure the net excitability of the spinal cord. There were no 

significant differences (p>0.05) in the P-P EMG of tendon taps or the MUFR across any 



 vii 

conditions. The post-fatigue Maximal Voluntary Contraction forces were measured and 

were less than the pre-fatigue values under both conditions (and significantly different in 

the non-ischemic condition (p=0.01)). Absence of significant differences in the 

Hmax:Mmax ratios (p=0.94 in non-ischemic/fatigue and p=0.43 in ischemic condition) 

indicated that the spinal excitability was relatively unchanged across the conditions. 

Therefore, we could not conclude that ischemia enhanced the muscle spindle response.  
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Chapter I:  Introduction 

Muscle spindles exert a powerful excitation to the motor neuron pool. During 

weak non-fatiguing contractions in humans, increases in contraction strength are 

positively correlated with firing levels of a afferents (Edin and Vallbo 1990, Wilson et 

al. 1997), and a afferent activity is required for maximal motor unit discharge rates 

during voluntary contractions (Gandevia et al. 1990). Since the original observation of 

Marsden et al. (1972) that increased gain of the stretch servo occurs during muscle 

fatigue, several studies have found an increase in the EMG response to muscle stretch 

following fatigue (e.g. Hayes 1975, Biro et al. 2007). Only one study has measured a 

afferent firing rates during sustained contractions in humans (Macefield et al. 1991). 

Macefield et al. (1991) found that during the first 30s of contraction of the tibialis anterior 

muscle at 30% maximal voluntary contraction (MVC), a afferent firing rates declined. 

 During sustained fatiguing submaximal isometric contractions, single motor unit 

firing rates also initially decline (Person and Kudina 1972, Garland et al. 1997). This 

decline has been attributed to central fatigue (Gandevia et al. 1995), motor neuron 

adaptation (Kernell and Monster 1982), inhibition from Group III and IV afferents 

(Cleland et al. 1982, Bigland-Ritchie et al.1983), and a reduction in a afferent activity 

(Macefield et al. 1991). During low-force (20% MVC) isometric contractions, the decline 

in motor unit firing rate is followed by an increase during the later stages of fatigue 

(Garland et al. 1997, Griffin et al. 2000).  
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Similarly, studies in the decerebrate cat have shown that after an initial decline in 

a afferent activity, a afferent firing rates increased back to above baseline levels within 

a few minutes of contraction and remained elevated for up to 30s following the 

contraction (Ljubisavljevic and Anastasijevic 1994). This increase was deemed to stem 

from reflex activation of fusimotor neurons by small diameter afferents (Ellaway et al. 

1982, Appelberg et al. 1983, Jovanovic et al. 1990) because fusimotor discharge rate was 

enhanced when the muscle was held ischemic (Ljubisavljevic et al. 1992a,b). Moreover, 

the decrease in a afferent discharge rate was enhanced, and the post contraction firing 

was eliminated by the injection of procaine to block either fusimotor neurons or small 

diameter afferents (Ljubisavljevic and Anastasijevic 1994). Figure 1 shows a depiction of 

this pathway. 

It is possible that the initial decrease in a 

afferent firing rate observed in humans 

(Macefield et al. 1991) is a transient stage 

that is followed by an increase once 

sufficient metabolic by-products 

accumulate in the muscle to activate the 

small diameter afferents.. 

 

The purpose of this study was to 

determine whether ischemia would 

enhance muscle spindle responses to tendon tap and vibration during submaximal 
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Figure 1. Group III and IV sensory 
afferents that respond to metabolites that 
accumulate in the muscle can excite 
gamma motor neurons in the decerebrate 
cat. This causes an increase in Ia afferent 
activity which excites the alpha MN. 
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fatiguing contractions in the soleus muscle of able-bodied individuals. We hypothesized 

that the muscle tendon responses would be higher following fatigue and that the increase 

in responses would be greater in ischemic than non-ischemic fatiguing contractions. An 

increase in muscle spindle activity during ischemia would provide evidence for the 

existence of a spinal reflex pathway that could exacerbate spasticity in individuals with 

paralysis.  
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CHAPTER II:  Materials and Methods 

Partcipants 

Nine able-bodied adults (18-40 years) with no history of neurological or metabolic 

disorder or injury to the right leg participated in this study. Participants attended two 

experimental sessions that lasted approximately 1.5-2 hours each. All individuals 

attended an orientation session prior to participating in the experiment. During this time 

they were familiarized with the experimental arrangement and signed an informed 

consent form. They practiced performing MVCs and submaximal contractions. Both test 

days were identical except that the fatigue task in one was performed under ischemic 

condition. All procedures were approved by the Institutional Review Board at the 

University of Texas at Austin. The order of experimental treatments was randomized 

across individuals and separated by at least 48 hours to allow for recovery from fatigue.  

Experimental Setup 

 
 For this study we used the soleus muscle because this is the best muscle to obtain 

H-reflexes. It is essential to measure the H-reflex amplitude in conjunction with the 

stretch reflex measures because any changes in the excitability of the stretch reflex could 

be masked by changes in the overall excitability of the motor neuron pool. The H-reflex 

amplitude served as a baseline measure of overall -motor neuron pool excitability. 

This study took place in the Neuromuscular Physiology Laboratory at The 

University of Texas at Austin.  Participants were seated in an adjustable chair with the 
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right knee and ankle fixed at 90 and the foot strapped to a metal plate.  The right knee 

and ankle joints were immobilized with a padded clamp positioned proximal to the knee 

joint, and the right foot was strapped to an aluminum plate with a strain gauge attached to 

it. Participants were provided with visual feedback of the force on a computer screen 

positioned in front of them. The experimental arrangement is shown in Figure 2. 

 

The area of electrode placement was first shaved and cleaned with 70% isopropyl 

alcohol. Two adhesive pre-gelled Ag/AgCl surface electrodes of 5 mm diameter (Danlee 

Medical Products, Syracuse, NY) were then placed on the skin over the soleus muscle 

approximately one cm apart and 2 cm proximal to the site of the intramuscular electrode 

insertion. A third electrode was placed over the lateral malleolus of the fibula and used as 

a ground. A stimulating electrode was secured with Velcro over the tibial nerve in the 

popliteal fossa.  

 
Figure 2: Experimental  arrangement. Position of the participant with knee and ankle fixed at 90 

degrees and the site of insertion of intramuscular fine wire electrode 
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Experimental Protocol 

First, the best site for stimulating electrode placement and the appropriate 

stimulation intensity for obtaining a maximal M-wave amplitude were determined. This 

was followed by the performance of three 5-s MVCs with 10s of rest in between.  The 

average of the three MVCs was used to determine the target force during the fatigue task. 

Participants were instructed to perform the MVCs as fast as possible and were provided 

with verbal encouragement.  

 

Following the MVCs, the stimulation intensity was reduced and an H-reflex recruitment 

curve was elicited to measure the net excitability of the spinal cord (Funase et al. 1994). 

Then, to measure the response of the muscle spindles, 5 tendon taps were delivered to the 

Achilles tendon with a custom-designed spring loaded device that was built to be a 

mechanical representation of a reflex hammer to provide contact force equivalent to that 

produced by a reflex hammer from a distance of 7 cms. (University of Texas at Austin).  

 

Following the tendon taps, two bipolar intramuscular insulated stainless steel fine-wire 

electrodes (0.002 mm, California Fine Wire Company, Grover Beach, CA) were inserted 

into the soleus muscle with a thin (25 gauge), disposable hypodermic needle. Each of the 

fine-wire electrodes was made of three wires; one was used as the active electrode, 

another served as the reference, and the third was used as a spare. 
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After electrode insertion, vibration (15s duration) to stimulate the muscle spindles was 

applied to the tendon with a vibrator (82.4-95.7 Hz, Wahl 4150-500, Shelton, CT) and 

motor unit firing rates during the vibration were measured before and after the fatigue 

task (Biro et al. 2007). Changes in initial firing frequencies during vibration with fatigue 

and ischemia were used as measures of the responsiveness of the muscle spindles.  

 

Following the muscle spindle response testing, the participant was asked to hold a plantar 

flexion target force of 25% MVC until endurance limit. For the ischemic condition, a 

sphygmomanometer was placed above the knee and inflated to 180 mm Hg for the 

duration of the fatigue task. Most studies of ischemia in the lower limb during isometric 

contractions have used pressure cuff levels of 200-350 mm Hg (Woods et al. 1987, 

Garland and McComas 1990, Garland et al. 1991, Fellows et al. 1993, Russ et al. 2003, 

Avela et al. 1999). We chose to use 180 mm Hg because we felt that this would be the 

lowest pressure possible to keep the limb ischemic for the short (approximately 5-10 min) 

contractions used in this study. The posterior tibial artery pulse between the medial 

malleolus of the tibia and the medial tubercle of the calcaneum was monitored to confirm 

the establishment of ischemia. 

 

The endurance limit was defined as the time at which the force lowered by 2% MVC for 

3s or the tremor exceeded 5% MVC. The H-reflex recruitment curves, tendon taps and 

vibration were repeated at the end of the fatigue task and the cuff was released following 

the post-fatigue vibration and prior to the post-fatigue MVC measurements. Figure 3 

shows a depiction of the experimental protocol. 
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Figure 3: Experimental Protocol 

 

Data Analysis 

 
 Surface EMG was amplified by 100 and high-pass filtered above 8 Hz (Coulbourn 

Instruments Isolated Bioamplifier with Bandpass Filter, Model V75-04, Allentown, PA). 

The intramuscular fine-wire electrodes were connected to a pre-amplifier (Motion Lab 

Systems, Baton Rouge, LA or B & L Engineering, Tustin, CA). The plantarflexor force 

was measured by a load cell attached to the metal plate; the analogue signal was 

amplified and then converted to a digital signal. The force, surface EMG, and 

intramuscular EMG were digitized at 1000, 2000 and 20,000 Hz, respectively (Micro 

1401 Analog-Digital Converter, Cambridge Electronics Design (CED), Cambridge, UK). 

A personal computer (Sony, Pentium IV with Windows XP OS) was used to collect all 

data.  Dual monitors provided displays of the target and actual forces as well as the 

intramuscular EMG recordings throughout data collection. All data were recorded and 

analyzed using Spike 2 software (CED, Cambridge, UK). 
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Statistical Analysis 

The MVC force signals were converted from volts to Newtons. Peak-Peak EMG 

amplitude for tendon taps was calculated; Maximum M wave amplitude and H wave 

amplitudes were taken to calculate the Hmax: Mmax ratio for the H-reflexes. For the 

MUFR, a constantly firing unit was identified and its’ firing rate was calculated 

throughout the duration of the vibration over 10s time bins and averaged. All the 

calculations post-analysis were done in MS Excel. Single factor ANOVA was performed 

to compare differences between individual groups for each outcome variable. A two way 

ANOVA was performed to find differences between groups (factors: fatigue and 

ischemia).  

An alpha level p ≤ 0.05 was accepted as the level of statistical significance for all 

tests.  All data are reported as mean ± standard error.  
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CHAPTER III:  Results 

Hmax/Mmax 

 There was no significant difference (p=0.94) in the ratios of Hmax to Mmax, 

before (0.36±0.06) and after (0.37±0.07) the fatigue task or across treatment groups 

(Non-ischemic and Ischemic/Pre-test and Post-test). The results are as shown in the 

figures 4 and 5: 
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Figure 4: Hmax/Mmax remained relatively unchanged after the fatigue task in the non-ischemic 

(fatigue only) condition. 
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Figure 5: Hmax/Mmax remained relatively unchanged after the fatigue task in the ischemic 

condition. 

 

Tendon Taps 

 

 The post-test tendon tap amplitudes were slightly higher than the pre-test 

amplitudes in both the non-ischemic (Pre: 70.8±5.8 N; Post: 72.04±5.2 N) and ischemic 

(Pre: 78.38±5.56 N; Post: 83±7.52 N) conditions, but there were no significant 

differences between them. Results are depicted in Figure 
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6.

 

Figure 6: Tendon Tap force (N) before and after the fatigue task, with and without ischemia. 

 

Motor Unit Firing Rates (MUFR) 

The spike from the first continuously firing motor unit was selected and followed 

throughout the 15s of vibration of Achilles tendon. Two units were collected for both the 

non ischemic and ischemic conditions for each individual. The firing rates were higher in 

the post-tests of both the conditions but there were no significant differences. The results 

are as shown in figure 7. 
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Figure 7: MUFR before and after the fatigue task, with and without ischemia. 

 

 

Maximal Voluntary Contractions 

There was a significant decrease (p=0.01) in MVC amplitudes post fatigue in the 

non-ischemic condition (Pre: 227.87±23.73 N; Post: 168.52±24.84 N), as shown in 

Figure 8. but not in the ischemic condition (p=0.32), although even in the latter, the post-

test values were comparatively lower (Pre: 203.17±20.34 N; Post: 171.74±25.85 N).  
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Figure 8: MVCs before and after the fatigue task, in the non-ischemic condition. 
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CHAPTER IV:  Discussion 

The purpose of this study was to determine whether ischemia enhances muscle 

spindle activity. Muscle spindle responses have been shown to be evaluated by 

measurement of tendon taps and vibration of tendons (Hakkinen & Komi 1983; Burke et 

al. 1976). We had hypothesized that the muscle tendon tap responses would be higher 

following fatigue and that the increase in responses would be greater in ischemic than 

non-ischemic fatiguing contractions. The available data however, did not support our 

hypotheses.  

Although there were increases in the tendon tap amplitudes and motor unit firing 

rates during vibration, the differences were not significant. The relative stability of the 

spinal cord excitability as depicted by the H reflex data and the decrease in force 

production of MVCs in the post-tests indicates that our assumptions of fatigue and 

overall alpha motor neuron pool excitability were near correct. However, from the 

available data, it cannot be concluded that muscle spindle responses increase enough to 

corroborate the presence of an external pathway activated by fatigue and ischemia 

induced metabolites, as proposed earlier.  

There were however two major limitations of this study. First, we had a relatively 

low overall sample size (N = 9). Second, we had an even lesser pool of data available to 

render the results as generalized. There were a total of 10 motor units collected, during 

vibration, of which only 4 were salvageable, given the nature of electrical signals 

obtained during vibration of the Achilles tendon. Two of the units were recorded under 

each condition (fatigue/ischemia), which is a very low number to reach any statistical 
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significance, per se. These were the biggest limitations of our study and factors that need 

to be considered before coming to any conclusive remark.  

The vibration of the Achilles tendon did produce a small increase in the 

plantarflexor force but there was no significant difference between the force produced in 

the two conditions. Figure 9 depicts an example of a motor unit firing during vibration. 

 

 

Figure 9: The application of vibration to the Achilles tendon, resulting in an involuntary 

plantarflexor force production and firing of motor units in the Soleus. 

 

If the null hypothesis were rejected, this study could have paved way for further 

research related to muscle spindles and their role in relation to the accumulation of 

metabolites under fatigue and/or ischemia (for which a larger sample is required), which 

in turn, could have been a new outlook towards the clinical issues of implications of 

increased IA afferent activity. Spasticity is generally thought to stem from increased a 
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afferent transmission to -motor neurons (Szumski et al. 1974, Hagbarth et al. 1975, 

Hidler and Rymer 1999, 2000). Other pathways that could facilitate motor neuron 

excitation have also been proposed. These pathways include decreased reciprocal 

inhibition (Crone et al. 1994), reciprocal facilitation (Crone et al. 2003), decreased pre-

synaptic inhibition of a afferents (Faist et al. 1994), changes in flexor reflex afferent 

pathways (Roby-Brami and Bussel 1987, Remy-Neris et al. 1999), reduced recurrent 

inhibition (Mazzocchio and Rosi 1997), and enhanced -motor neuron self-sustained 

firing (Gorassini et al. 2004).  

In the future, further research needs to be done in order to be able to come to a 

decisive conclusion about the role of muscle spindles under fatigue/ischemia so as to 

effectively intervene in the clinical problems of spasticity and/or increased muscle tone 

(Upper Motor Neuron disorders).  
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