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ABSTRACT 

The present diesis investigated the effects of localised warming (increased muscle 
temperature -3/4 'Q and cooling (decreased muscle temperature -3/4 *Q of the 

lower limbs on neuromuscular control in young (18-26 years) and older (65-75 

years) healdiy women. The principal aims were to investigate the effects of 
temperature on 1) maximal voluntary isometric and isokinetic contractions, and the 

electromyographic signal; 2) the H reflex and maximal compound action potential 

and the H. /M. ratio; 3) postural control; 4) force fluctuation during a fine motor 

control task. 

Different responses to temperature were observed between the young and older 

groups. For example, cooling was found to reduce the isokinetic torque output when 

compared to the control condition in the young (average reduction -7%), but not in 

the older adults. Similarly the HO, /Mm ratio, an indication of spinal reflex 

excitability, was increased following cooling in the young subjects only (by 28%). In 

both groups, however, H reflex onset latency decreased with warming (by 5-31/6) and 
increased with cooling (by 5.5%). This led to hypothesises that the temperature 

related change in reflex onset would affect the proproceptive response during 

postural control; however, no effect of temperature on postural control was found in 

either group following either warming or cooling. In the final study, the effects of 

cooling were again different between the groups, with the force fluctuations during 

low intensity isometric tasks increasing as a result of cooling compared to the control 

condition in only the older subjects (mean increase 35%). 

In conclusion, older individuals show a different response to cooling compared to 

young subjects. Wbilst cooling does not affect gross motor tasks and postural 

stability in the older subjects, it does affect the ability of an older individual to 

perform fine motor tasks. Warming, however, had little effect on neuromuscular 

control in either group. 



CHAPTER 1 

GENERAL INTRODUCTION 



Investigations in the field of thermoregulation allow us to understand how the body 

responds physiologically to the stresses of altered temperature. Of particular 

significance is the effect of temperature on the neuromuscular system which 

ultimately controls human movement. In young healthy individuals, altered 

temperature influences the transmission properties of the nerve and muscle fibres, as 

well as the contractile properties of the muscle fibres, resulting in changes in the 

neurornuscular control both during gross and fine motor tasks (Rutkove 2001, Farina 

et al. 2005, Gray et al. 2006). Indeed, previous studies conducted on young 

individuals have focused mostly on maximal performance tasks such as sprint 

cycling and vertical jump tasks, whereby warming is seen to benefit the performance 

(Gray et al. 2006, Sargeant 1987, Stewart et al. 2003) and cooling detriment the 

performance (Davies and Young 1983, Oksa et al. 1997, Sargeant 1987). The 

outcome of these investigations may have a practical relevance for the athletic 

population, however, they could be considered as less relevant to everyday situations 

whereby movements are performed at low velocity and intensity. in contrast to the 

investigations in young healthy individuaK relatively little attention has been given 

to the effects of altered temperature in individuals with impaired neuromuscular 

systems, such as older individuals. 

An abundance of literature exists on the effects of ageing on the neuromuscular 

system (Macaluso and De Vito 2004, Roos et al. 1997, Vandervoort 2002). However, 

while this area continues to be well researched, relatively little attention is given to 

the thermoregulation systems of the older individual with most of the studies 

focusing on responses such as vasoconstriction/ dilation, metabolic heat production, 
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sweating and cardiovascular function (for review see: Florez- Duquet and McDonald 

1998, Kenney and Munce 2003, Smolander 2002). The thermoregulation system of 

the aged individual is an area which has still to be fully understood; what is clear 

from the available studies, however, is that the older individuals have a reduced 

ability to adapt to changes in the thermal environment, displaying a relative inability 

to maintain core temperature when exposed to cold and, to a lesser extent, warm 

environments (Collins et al. 1977, Fox et al. 1973, Horvath and Rochelle 1977, 

Lybarger and Kilbourne 1985, Yousef and Golding 1989). What has not, as yet, been 

investigated is the changes that occur with altered temperature at the neuromuscular 

level in older individuals. 

A recent publication by the Scottish Executive entitled "Scottish House Condition 

Survey: Fuel Poverty Report - 2003/04", published in 2006, reports that 35% of 

single pensioners and 27% of pensioner couples could barely afford to keep their 

house warm in the winter months in Scotland. As older individuals have a higher 

level of sedentaryism during a typical day when compared to their younger 

counterparts (Davis and Fox 2006), it is likely that the temperature of limbs will be 

more affected by environmental temperature thari m more active younger individuals. 

A well documented consequence of ageing is an impaired neuromuscular function, 

which consequenctly reduces muscular strength and power (Bazzucchi et al. 2004, 

Macaluso et al. 2002, Macaluso and De Vito 2003), worsens balance (Baloh et al. 

1998, Maki and Mcllroy 1996) and worsens fine and gross motor control (Tmcy and 

Enoka 2002, Vaillancourt et al. 2003). These parameters, in the most extreme phases 

of life, for example people in their 8-9h decade, continue to worsen in such a way 
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that eventually the individual is unable to live independently, with obvious negative 

consequences on the quality of life. By understanding whether older individuals 

respond similarly to young individuals to altered temperature, for example, with 

cooling finther impairing maximal performance or, on the contrary, with warming 

enhancing the maximal performance, this could potentially offer clinicians and health 

practitioners a new means of aiding older individuals in performing day to day tasks 

as well as highlighting the potential dangers of living in insufficiently heated 

housing. 

Along with the mechanical output data, the use of both surface and intramuscular 

electromyography (EMG) will be used to try to understand the effects of temperature 

on the neuromuscular system comparing healthy young and older individuals. The 

following studies cover a range of motor control aspects important to an older 

individual, ranging from very fine motor control to gross maximal motor control, 

with the inclusion of both voluntary and reflexively activated contractions. 

Therefore, the primary aim of this thesis is to investigate the effects of both local 

cooling and warming of the lower limbs (without modifications in the core 

temperature) on neuromuscular control in young and older woman. Women are the 

focus of these studies because older women tend to reach levels of neuromuscular 

function below the thresholds for an independent life before men (Katz et al. 1983, 

Skelton et al. 1994). 
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The thesis is presented in the following chapters: 

Chapter 2: This chapter provides a review of literature as a background to identify 

the research aims and objectives investigated in the following studies of the thesis. 

Chapter 3: The aim of the first study was to look at the effects of altered local 

temperature on torque and EMG parameters during maximal isometric and isokinetic 

contractions in young and older females. 

Chapter 4: The second study had the aim of looldng at the effect of both local 

cooling and warming on the soleus H reflex and M wave in both young and older 

females. 

Chapter 5: The purpose of the third study was to look at the effect of both local 

cooling and warming on static postural control in young and older females. 

Chapter 6: The final study looked at the effects of altered local temperature on fine 

motor control by investigating the effects of local cooling and warming on the force 

fluctuations during low-level isometric contractions and on discharge characteristics 

of single motor units. 

Chapter 7: The purpose of the final chapter was to draw together the main findings of 

the studies conducted for the thesis, discuss the potential clinical importance of the 

findings and offer future directions for the area of research. 
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CHAPTER 2 

mird REVIEW OF LITERATURE 



SECTION I a: MAXIMAL NEUROMUSCULAR PERFORMANCE 

Maximal neuromuscular performance is commonly assessed by means of 

dynamometric tests aimed at measuring maximal strength and power, with 

simultaneous assessment of neural characteristics mostly through electromyographic 

(EMG) techniques. Muscle strength can be defined as the force generated by an 

individual. As all human motion involves the rotation of body segments around their 

joint axes, torque represents the rotational effect of a force with respect to its axis 

(Enoka 200 1). Common measurements of muscle strength include isometric, isotonic 

and isokinetic modalities. Maximal strength is measured during isometric 

contraction, in which there is no change in muscle length, whilst power is generated 

in actions that involve movement and is calculated as the product of torque and speed 

at which movement occurs. 

Ile control of muscle performance by the nervous system is accomplished by 

electrical signals sent from the motor neurons to muscle fibres. Surface EMG is used 

as a tool to identify the mechanisms involved in various adaptations within the 

neuromuscular system (Enoka 2001). Ile central nervous system controls muscle 

force by motor unit recruitment and motor unit discharge modulation (Farina et al. 

2002b). The surface EMG cwnprises of the sum of the electrical contributions made 

by the active motor units as detected by the electrodes placed on the sIdn overlaying 

the muscle. The amplitude of the surface EMG signal is related to the motor unit 

activity, that is, the recruitment and discharge mtes of the active motor units. 

Average rectified value (ARV) and the root mean square (RMS) are two of the 

variables that are used to describe the amplitude of the signal. Analysis in the 
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frequency domain includes the mean fi-equency (MNF) and the median frequency 

(MDF). This analysis has most commonly been used to study fatigue (e. g. Bazzucchi 

et al. 2004, Merletti et al. 2002), however, it may also be used as a method of 

inferring changes in motor unit recruitment. As with the measurement of muscle 

fibre conduction velocity (MFCV), estimated from the delay between signals using 

two or more surface EMG recordings (Bigland-Ritchie et al. 198 1, Merletti and Lo 

Conte 1995, Merletti et al. 1990), the recruitment of progressively larger motor units 

with higher conduction velocities should determine an increase in MNF and MDF 

and global MFCV, with the maximal value of each variable indicating full motor 

units' recruitment (Solomonow et al. 1990). The MNF and MDF have been found to 

have a linear relationship with MFCV (Arendt- Nielsen and Mills 1985, Stulen and 

De Luca 1978) and both sets of variables have been used as a method of estimating 

muscle fibre type proportions (Gerdle et al. 1991, Kupa, et al. 1995, Moritani et al. 

1985, Wretling at al. 1987, Farina et al. 2006). 

SECTION lb: MAXIMAL NEUROMUSCULAR PERFORMANCE AND 

AGEING 

As early as 1835, the reduced maximal strength of older individuals has been 

researched (Quetelet 1835). This decrease in strength has been clearly demonstrated 

via the use of isometric and isokinetic tests. After around the 2"d or P decade of life, 

maximal strength of the muscle starts to decrease, however, these changes are minor 

until the 5th - 60ý decade whereby the rate of decline is dramatically accelerated at a 

loss of about 10- 15% per decade (Frontera, et al. 199 1, Kalhnan et al. 1990, 

Vandervoort and McComas 1986). Many studies have reported regional differences 
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in the reduction of strength with the lower body being more affected than the upper 

body (Candow and Chilibeck 2005, Janssen et al. 2000, Lynch et al. 1999). Males 

and females appear to show comparable age related trends when their values are 

expressed relative to muscle mass or muscle cross-sectional area (Doherty et al 1993, 

Lindle et al. 1997, Vandervoort and McComas 1986). As females have lower initial 

strength values they will reach levels of strength below the threshold necessary to 

accomplish basic daily activities before males; therefore, it has been suggested that 

they should be the first group targeted in intervention and rehabilitation studies 

(Skelton et al. 1994). 

Muscle power is seen to decline with ageing at an even greater rate than strength at 

3-4% per year as compared to 1-2% per year between the ages of 65 and 89 years 

(Metter et al. 1997, Skelton et al. 1994). Critical levels of muscle power are 

necessary in older people to accomplish daily living activities like climbing stairs, 

rising from a chair or using public transport, and thus, the maintenance of 

independent living are above all related to the ability to generate power specifically 

at low velocity. 

Many studies have investigated the relationship between strength and power, most 

commonly of the knee extensors, and the persons ability to perforrii day to day 

activities, for example strength and power have been shown to be related to chair rise 

time (Hughes et al. 1996, Skelton et al. 1995), step height (Macaluso et al. 2003, 

Skelton et al. 1995), walking speed (Gibbs et al. 1996, Rantanen and Avela 1997, 

Schlicht et al. 2001) and balance (Holviala et al. 2006, Orr et al. 2006). 
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The major cause of the loss in strength and power is sarcopenia. Sarcopenia is 

defined as the loss of muscle (Evans 1995). Muscle mass in males and females is 

reported to decline at a rate of 1.9 and 1.1 kg/decade, respectively, after the 5h 

decade of life and, as with the muscle strength, a preferential loss to the lower body 

has been reported (Janssen et al. 2000). Older individuals (aged between 60 and 80 

years) have a 14- 26% smaller muscle mass than the young subjects (Hakkinen et al. 

1998, Kent-Braun and Ng 1999, Klein et al. 2001, Macaluso et al. 2002, Overend et 

al. 1992). The decrease in muscle mass alone, however, does not explain the decrease 

in strength and power with ageing as the difference exists even after normalisation 

for muscle cross sectional area (Jubrias et al. 1997, Kallman et al. 1990, Klein et al. 

2001, Macaluso et al. 2002). 

Ageing is known to reduce both motoneuron numbers (Campbell et al. 1973, 

Tomlinson and Irving 1977) and muscle fibre numbers (Lexell et al. 1988) resulting 

in a decrease in the number of motor units. This decrease in motor unit number has 

been investigated using both cadaver subjects and EMG techniques (Brown 1972, 

Brown et al. 1988, Campbell et al. 1973, Tomlinson and Irving 1977). Loss in motor 

unit number has been estimated to be -I% of the total number per annum beginning 

in the P decade of life and increasing in rate after 60 years of age (Tomlinson and 

Irving 1977). The number of motor units has been reported to be as much as 50% 

lower in individuals above the age of 60 years compared to young subjects (Brown et 

al. 1988). Both type I and type 11 motor units are reduced in number, but there is a 

preferential loss of the type 11 motor units (Lexell et al. 1988, Tbompson 1994). For 
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example, Larsson et al. (1978) observed an increased relative proportion of type I 

fibres in 60-65 year old subjects (66% of total muscle) in the vastus lateralis muscle 

compared to 20-29 year old subjects (39% type I fibres) with no change in the ratio 

of type Ila and type IIb fibres. Along with the greater loss of the type 11 motor units, 

motor unit remodelling occurs such that type Il fibres are selectively denervated and 

innervated by collateral sprouting of axons from the type I motor units (Roos et al. 

1997). It is suggested that the type II fibres which are reinnervated by slow motor 

units axons actually become (or approximate) type I fibres, with respect to 

physiological and biochemical properties (Kugelberg 1976). These changes are 

accompanied by an increase in size or innervation ratio, such that each motor neuron 

innervates more muscle fibres in older than young muscle. Through use of macro 

EMG techniques, an increase in motor unit size is seen in older individuals over 60 

years indirectly indicting an increased number of muscle fibres per motor unit (de 

Koning et al. 1988, Stalberg and Fawcett 1982, Stalberg et al. 1989). 

Not only there is a decrease in type 11 muscle fibre number but there is also a 

decrease in the fibre size. This is seen only for the type II fibres, without a change in 

size of the type I fibre (Grimby et al. 1984, Lexell et al. 1988, Porter et al. 1995). In 

the P and 4th decade of life, the mean cross sectional area of the type 11 fibres in the 

quadriceps femoris muscle exceeds that of type I fibres by approximately 20% 

(Brooke and Engel 1969), but by the age of 85 years the area of the individual type 11 

fibres is less than 50% of that of the type I fibres (Tomonaga 1977). 
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The alteration in the innervation ratio may be responsible for the lower motor unit 

discharge rate in older individuals compared to younger subjects at MVC (Connelly 

et al. 1999, Kamen et al. 1995). A substantial decrease in discharge rate of 64% has 

been reported (Kamen et al. 1995). There are few studies, however, which have 

investigated motor unit discharge at high contraction levels due to the technical 

difficulties in discriminating the discharge pattern of individual motor units (Roos et 

al 1997). The decreased maximal discharge rate may also be affected by age related 

limitations in excitability of the corticospinal bud (Rossini et al. 1992) and motor 

neurons (Engelhardt et al. 1989) or a reduction in central drive (Yue et al. 1996). 

The ability to fully activate the muscle during voluntary isometric contractions has 

been a focus of research recently, yet the findings are inconsistent with some studies 

showing that older individuals voluntarily activate a lower percentage of the 

complete activation capacity than young subjects during MVC (Morse et al. 2004, 

Stevens et al. 2003, Yue et al. 1999), while other studies have shown that older and 

young subjects have the same activation capacity (De Serres and Enoka 1998, Kent- 

Braun and Ng 1999, Klass et al. 2005, Phillips et al. 1992). Voluntary strength 

testing, however, is thought to be preferable to electrical stimulation, since 

stimulation determines full synchronisation of motor units which is unlikely to occur 

in real life (Solomonow et al. 1994). 

In older individuals the wnplitude of the surface EMG, RMS/ ARV, is lower during a 

maximal contraction either in an isometric contraction or an dynamic contraction 

when compared to young individuals (Hakidnen and HakIdnen 1995, Hakkinen et al. 
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1998, Macaluso et al. 2000, Moritani and deVries 1980). This is thought to reflect 

the reduced number of motor units (Esposito et al. 1996) and reduction in the 

maximal motor unit firing rates in the older individual compared to young subjects 

(Esposito et al. 1996, Merletti et al. 2002), masIdng the increase in single motor unit 

action potential amplitude with ageing, as revealed from. intramuscular EMG 

measurements (Doherty and Brown 1993, Howard et al. 1988, Roos et al. 1999). 

However, the difference between the groups may also be a consequence of the 

different thickness or conduction of the layers between the muscle and recording 

electrodes, as subcutaneous fat acts as a low pass filter for the surface EMG (De 

Luca 1997, Farina and Rainoldi 1999). Regardless of the difference in absolute RMS 

values between young and older individuals, Esposito et al. (1996) reported that both 

groups display a similar trend in the increase of RMS as a function of the level of 

force, suggesting a similarity in motor unit activation patterns. 

Comparisons of the EMG fi-equency parameters and MIFCV between young and 

older individuals have been conflicting. MNF/ MDF has been reported to decrease 

with ageing (Bazzucchi et al. 2004, Esposito et al. 1996, Yamada et al. 2002), 

however, despite the linear relationship between MNF/ MDF and MFCV (Arendt- 

Nielsen and Mills 1985, Stulen and De Luca 1978), only one study has reported a 

significant decrease in MFCV in older subjects compared to young subjects (Yamada 

et al. 2002), whereas Bazzucchi et al. (2004) and Merletti et al. (2002) found no 

difference. A selective decrease in the fast conducting type 11 fibres in older 

individuals, therefore, is not clearly refiected in the MFCV recorded from the surface 

EMG. Merletti et al. (2002) explain that one of the pitfitlls of calculating MFCV 
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from the surface EMG is that the large motor unit action potentials (MUAP) mask 

the MUAP of the smaller units and the MUAPs identified by the surface electrodes 

of the young and older individuals may have a similar MFCV and the numbers of 

motor units identified could be not sufficient to discriminate between the age groups. 

Additionally, young and older muscles have a different distribution of fast and slow 

fibres, with young subjects having a more even distribution of fibre types (Lexell et 

al. 1983), this compromises the comparison of the MFCV when recorded from the 

surface EMG between young and older subjects. 

Surface EMG has been used to assess coactivation levels with ageing. Greater 

coactivation can reduce the performance of agonist muscles through the opposing 

mechanical action of the antagonist muscles (Carolan and Cafarelli 1992). Many 

studies have shown an increased level of coactivation in older subjects during MVC 

(Izquierdo et al. 1999b, Klien et al. 2001, Macaluso, et al. 2002, Valkeinen et al. 

2002), however, many authors have also reported no difference between young and 

older individuals (Klass et al. 2005, Morse et al. 2004, Pousson et al. 2001). This 

greater coactivation may contribute to reduced force production in older individuals 

as a linear relationship between the percentage of coactivation and resultant torque 

has been reported (Shnoneau et al. 2005). 

SECTION I c: MAXB4AL NEUROMUSCULAR PEFORMANCE AND 

TEMPERATURE 

Muscle temperature has been repeatedly shown to have a profound consequence on 

maximal muscle performance. A wide range of techniques has been used to alter 
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muscle temperature including water immersion of the limb (Bigland-Ritchie et al. 

1992, Davies and Young 1983, Sargeant 1987), electrical pads (Thornley et al. 

2003), ice to the skin (Bolton et al. 1981, Jutte et al. 2001, Bell and Lehmann 1987) 

and use of prior exercise (Racinais et al. 2005, Stewart et al. 2003). This along with 

wide variations in the duration and intensity of temperature manipulation, 

inconsistent methods of reporting muscle temperature, with many studies reporting 

only skin temperature (e. g. Cheung and Sleivert 2004, Comeau et al. 2003, Farina et 

al. 2005, Thornley et al. 2003), makes direct comparisons of the different studies 

rather difficult. 

The effects of temperature on muscular output during in vivo experiments appear to 

be specific to the velocity component of the muscle contraction and not the force 

generating ability. It has been consistently shown that when an individual performs a 

maximal isometric contraction, there is no effect of either cooling or warming on the 

force (Bergh and EkbIom 1979, Binkhorst et al. 1977, Stewart et al. 2003, Thornley 

et al. 2003). The benefits of increased temperature and the detriment of decreased 

temperature to performance are evident in maximal dynamic activities. Warming is 

seen to increase the power output during sprint cycling (Ball et al. 1999, Gray et al. 

2006) while cooling decreases the power output (Davies and Young 1983, Sargeant 

1987). Sargeant (1987) described that the effect of cooling the muscle was to 

decrease the amplitude of the pedalling rate-peak power parabola and to shift the 

predicted intercept for the maximal pedalling rate to the right, while the effect of 

warming the muscle was to increase the amplitude and shift the intercept to the left. 

The same author describes that the temperature effect is greatest when the pedalling 
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velocity is close to, or exceeds, the optimal velocity for power output. Temperature is 

seen to have similar effects on very high velocity dynamic contractions as seen from 

the increase in power output during vertical jump (where plantar flexion is reported 

to exceed 1000 */s , Bobbert et al. 1986) following warming (Davies and Young 

1983, Stewart et al. 2003) and the decrease following cooling (Davies and Young 

1983, Ferretti et al. 1992). 

In contrast to the high velocity contractions generated during sprint cycling or 

vertical jump, isokinetic contractions performed on a dynamometer have relatively 

lower contraction velocities. This velocities produced by the dynamometer are below 

the optimal velocity for producing maximal force which have lead to somewhat 

equivocal findings. VAiile Haymes and Rider (1983) reported no difference in torque 

from between 30 '/s to 300 Ols with muscle cooling, other authors have reported a 

decrease in torque output following skin cooling (muscle temperature not recorded) 

at velocities of between 60 and 240 O/s (Bergh and Ekblom 1979, Cheung and 

Sleivert 2004, Comeau et al. 2003). Bergh and Ekblom (1979) found effects of both 

cooling and warming on the force during isoldnetic contractions but found no 

velocity dependent effect. These findings appear to be almost entirely due to the 

local effect of the limb tissue and are independent of core temperature (Cheung and 

Sleivert 2004, Giesbrecht et al. 1995). 

Based on the classical works by Ranatunga (1982,1984,1998) on rat muscle, it is 

generally believed that temperature sensitivity of mechanical and biomechanical 
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properties of slow twitch fibres is greater than that of fast twitch fibres. This has been 

supported in human subjects during a cycling protocol following warming (Sargeant 

and Rademaker 1996), but is in contrast to Gray et al. (2006) who observed that the 

magnitude of the increase in force with warming was correlated to the percentage of 

fast twitch fibres. However, as highlighted by the authors in the latter study, a higher 

pedal cadence was used in their study which was beyond the optimal pedal velocity 

for the slow twitch fibres. 

With respect to the recruitment order, Rome (1990) demonstrated, using animal 

experiments, that following cooling, the recruitment of the fibre types was similar to 

that under the control temperature, going from slow to fast fibre types; however, a 

more condensed recruitment curve was reported, whereby more muscle fibres and 

faster fibre types were recruited at given speeds to compensate for the diminished 

power output of the fibres. On the other hand, Ranatunga. et al. (1987) suggest that 

the sequence of motor unit recruitment may be altered with cooling with the 

recruitment order going from fast to slow after cooling as opposed to slow to fast 

after warming or in normal conditions. 

The effects of temperature on the muscle properties are reflected in the surface EMG 

recordings during isometric and concentric contractions. The amplitude of the RMS 

is seen to decrease with warming (Petrofsky and Lind 1980, Stewart et al. 2003) and 

increase with cooling (Mucke and Heuer 1989). While in the power spectrum 

components, MDF and MNF are seen to increase with warming (Krause et al. 2001, 
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Stewart et al. 2003) and decrease with cooling (Krause et al. 2001, Merletti et al. 

1984, Mucke and Heuer 1989, Petrofsky and Lind 1980, Thornley et al. 2003). Few 

studies have reported the effects of temperature on the MFCV during voluntary 

contractions: Gray et al. (2006) reported an increase in MFCV with warming 

compared to control temperature during a sprint cycling; similarly, Farina et al. 

(2005) reported an increased MFCV of the motor unit at low contraction intensities 

following warming. In studies with electrical-stimulation induced-contractions a 

decrease in MFCV with cooling has been reported (Bolton et al. 198 1, Dioszeghy 

and StIdberg 1992), as opposed to an increase following warming (Rutkove et al. 

1997). Temperature has a profound effect on the muscle fibre membrane. As 

Hodgkin and Huxley (1945) first described, the depolarisation of the membrane is 

due to the inward flux of Na' occurring due to the opening of the voltage gated 

channels along the membrane. After the influx of Ne the channel closes and the K+ 

channel opens, allowing a removal of Ký to restore the membrane to its resting 

potential. Ne W AT? ase has the role of continually pumping out Ne and bringing 

in Ký to maintain the resting potential. Following cooling, both the opening and 

closing of the Ne channels slow, so that the channels are open for longer, increasing 

the ion flux and therefore, the depolarisation, consequently decreasing the 

conduction velocity of the action potential along the membrane and increasing the 

duration and amplitude. Following warming, the opposite occurs, whereby opening 

and closing of the Ne channels quickens, increasing the conduction velocity of the 

action potential along the membrane and reducing the duration and amplitude 

(Hodgkin and Katz 1949, Kossler et al. 1989, Stegeman and De Weerd 1982). 

Depolarisation of the muscle membrane leads to the release of Ce+ from the 
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sarcoplasmic reticulum, producing binding of the actin and myosin filaments and 

therefore muscle contraction. A change in the speed of the depolarisation 

consequently affects the speed of this binding process (Rutkove et al. 2001). 

SECTION 2a: THE HOFFMANN REFLEX (H REFLEX) 

The Hoffinann Reflex (H reflex) was first reported by Piper (1912) and first 

described by Paul Hoffmann (1918). The H reflex response is described as the 

electrically induced equivalent of the mechanically evoked stretch reflex. Electrical 

stimulation of a peripheral nerve, which contains both afferent fibres (axons of the 

muscle receptor) and efferent fibres (axons of the motoneurons), evokes two EMG 

responses in the connecting muscle, the M wave and the H wave. The elicited 

response, either an M wave or an H wave or both, depends on the size of the 

depolarisation caused by the stimulus. The la afferent fibres have a larger diameter 

than the alpha motoneurons, therefore are depolarised at a lower stimulus intensity 

(Erlanger and Gasser 1968, Kukulka 1.992, Li and Bak 1976). At a low stimulus 

intensity, when the la afferents alone are depolarised, a monosynaptic reflex response 

is produced, seen as the H wave on the EMG recording. With increasing stimulus 

intensity, finther la afferent flbres are depolarised, increasing the amplitude of the H 

wave. Eventually, the stimulus is at an intensity to depolarise the membranes of the 

alpha motoneurons producing a direct M wave response. As the action potential of 

the alpha motoneuron travels both orthodromically and antidromically along the flbre 

after stimulation, there comes a level of stimulation when the action potential of the 

stimulated alpha motoneuron, travelling antidromically, collides with the action 
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potential of the H wave travelling othodromically along the alpha motoneuron fibre, 

thus cancelling cancel each other out. With continued increasing stimulus intensity, 

the H wave will eventually disappear completely, while the M wave will continue to 

increase until all the alpha motoneurons are depolarised giving rise to the maximum 

M wave (M. ) (Magladery 1955). An exwnple of the EMG recordings with 

increasing stimulus intensity is shown below (Figure 2.1) 
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Figure 2.1. An example of the EMG recordings with increasing stimulus intensity. Tbe Y axis is in 

mV and dw X axis in ms. (adapted fi-om Aagaard et al. 2002b). 

The recruitment pattern of the la afferent and the alpha motoneurones is seen from 

the H and M wave recruitment curve, shown below (Figure 2.2), where the M wave 

and the H wave are shown as a percentage of the M. (Baldissera et al. 2000, Zehr 

and Stein 1999, Zehr et al. 2001). The M. represents the excitation of all the 
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motoneurons and gives a standard to which the response of the H reflex can be 

compared, for example, an H reflex equivalent to 25% of the M. can be assumed to 

represent activity in 25% of the motoneurons of the muscle (Hugon 1973). Reporting 

the maximum H wave amplitude (H. ) with respect to the M. (H. /M. ratio) 

allows comparison of measurements of different absolute values on the basis of their 

relative values (Hugon 1973, Pierrot-Deseilligny and Mazevet 2000). 
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Figure 2.2. H and M wave recruitment curve (adapted from Pinniger et al. 2001) 

The H reflex has been used in investipting the response of the nervous system in 

neurological pathologies (Braddom and Johnson 1974, Fisher 1992), musculoskeletal 

in uries (Hall et al. 1999, Hoffinann and Koceja 2000, Hopkins et al. 2001, Spencer j 

et al. 1984), application of therapeutic modalities (Bell and Lehmann 1987, Krause et 

al. 2000, Oksa et al. 2000), pain (Leroux et al. 1995) exercise training (Maffiuletti et 

al. 2001, Trimble and Koccja, 1994) and performance of motor tasks (Capaday 1997, 

Capaday and Stein 1986, Hoffinann and Koceja 1995). The majority of the research 

has been done on the soleus muscle, due to the easy accessibility of the posterior 

tibial nerve (Hugon 1973), however, the H reflex can be obtained from virtually any 
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muscle where the nerve is available for stimulation (Pierrot- Deseilligny and 

Mazevet 2000). 

The H reflex is commonly considered a monosynaptic reflex as it was initially 

thought to involve only one synapse (Magladery et al. 195 1). Later research, 

however, discovered the possibility of oligosynaptic and even polysynaptic 

pathways. Animal experiments have demonstrated that la afferents impinge both 

directly onto alpha motoneurons and also indirectly through interneurons (Fetz et al. 

1979, Hultborn et al. 1975). Therefore, the H reflex response might not be altered by 

a change in alpha motoneuronal excitability per se, but by other mechanisms which 

alter the responsiveness of the pool during periods of active sensory influence. 

Mechanisms involving presynaptic inhibition (either centrally or peripherally 

mediated), homosynaptic post activation depression, reciprocal inhibition from 

antagonist activation, Ib afferents, group 11 afferents and cutaneous 

mechanoreceptors have all been highlighted in modulating reflex response (Pinniger 

et al. 2001). Presynaptic inhibition has been considered the most common candidate 

for modulation of the amplitude of the H reflex (Stein 1995). Presynaptic inhibition 

and facilitation are important because they highlight that la afferents do not function 

solely as sensory relays, but that these neurons may also function as filters, the 

properties of which may be controlled either centrally or volitionally by inputs to the 

la terminals (Eccles et al. 1962, Schmidt 1971). 

Extraneous factors such as head movements, foot positioning, pressure of plate and 

position of foot plate (Knikou and Conway 200 1, Hiraoka 2003), joint angle (Hwang 

23 



2002) as well as cognitive factors such as arousal and attention (Paillard 1955) have 

been shown to affect the H reflex excitability so that cross-study comparisons can 

sometimes be difficult. The H reflex has shown good intersession, and intrasession 

reliability when these factors are well controlled (Hopkins et al. 2000, Mcllroy and 

Brooke 1987, Williams et al. 1992). The correct methodology for evoking and 

recording an H reflex in the soleus is outlined in detail by Hugon (1973). 

SECTION 2b: THE H REFLEX AND AGEING 

The stretch reflex circuit is an important mechanism in the detection and coffection 

of a stretched muscle. Degradation of the neuromuscular system is a known 

consequence of the ageing process, with changes at each component of the reflex 

circuit occurring. These changes, for instance, operate initially at the level of the 

peripheral nervous system, and consist of: 1) a reduced sensitivity and reduced 

number of muscle spindles (Swash and Fox 1972); 2) both the afferent and efferent 

nerves are affected by degeneration of the myelin sheath, decreasing the axon 

integrity (Adinolfi et al. 1991, Lascelles and Thomas 1966); 3) finally, an increase in 

the innervation ratio of the motorunits will reduce the accuracy of the refiex output 

(Brown 1972). The assessment of the stretch reflex system using EMG via 

mechanical lengthening of the muscle gives a global view of the stretch reflex 

system, whereas the assessment of the H reflex, via electrical stimulation of the la 

fibres, gives a clearer picture of the effects on ageing on the central component of the 

circuit. Changes in the spinal reflex circuit with ageing have been continually 

demonstrated. IMe H. has been consistently shown to decrease with increasing age 

(Chalmers and Knutzen 2000, deVries et al. 1985, Sabbahi and Sedgwick 1982, 
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Scaglioni et al. 2002,2003, Vandervoort and Hayes 1989), with a decrease of up to 

68% being reported in older adults at a mean age of 73 years when compared to 

young adults (Scaglioni et al. 2003). Maximum motor response amplitude (M. ) has 

been also been reported to decrease with age (deVries et al. 1985, Scaglioni et al. 

2002, Vandervoort and Hayes 1989). When the H. is nonnalised against the M., 

(H. /M. ) (Hugon 1973), the findings are inconsistent, with studies showing either 

a decrease (Koceja et al. 1995, Sabbahi and Sedgwick 1982, Scaglioni et al. 2002), or 

no change (deVries et al. 1985, Scaglioni et al. 2003, Vandervoort and Hayes 1989). 

The decrease in the H. and the M. can be explained by the impaired transmission 

of the signals as demyelination of the afferent and efferent nerves not only reduces 

the diameter of the axon but increases the area of the axon membrane in contact with 

the extracellular matrix (Mynark and Koceja 2001). The reduced H. /M. ratio 

reflects a decrease in the proportion of the available motor units reflexively recruited 

(Scaglioni et al. 2002). 

Changes at the presynaptic or postsynaptic site as a consequence of ageing will also 

alter the H. /M. ratio (Rudomin and Schmidt 1999, Stein 1995). Using the 

methods introduced by Hultborn et al. (1987), which have permitted the 

investigations of presynaptic inhibition in humans, decreased heteronymous Ia 

facilitation has been demonstrated in older subjects compared to young subjects, 

suggesting increased tonic levels of presynaptic inhibition in older individuals 

(Koceja and Mynark 2000, Morita et al. 1995). The functional significance of the 

increased levels of presynaptic inhibition is not known. Suggestions are that it may 

be an aspect of the deterioration process that parallels motor disabilities or, on the 
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hand, it may serve to adapt the spinal system to the ageing process of the peripheral 

neuromuscular system (Morita et al. 1995). Earles et al. (2001), on the other hand, 

used peroneal conditioning, as opposed to conditioning at the femoral nerve, to 

estimate tonic presynaptic inhibition and reported that young subjects demonstrated 

greater heteronymous inhibition than older subjects. 

While the ability to modulate the H. /M. ratio in response to a task or 

perturbation is evident in young individuals (see section 2a), it has becoming 

apparent that older individuals have a reduced ability to respond to such 

perturbations. Modulation in spinal reflex excitability has been observed when young 

subjects change body positions, for example, a decreased spinal reflex excitability is 

observed when moving from a supine to a standing position (KocCja et al. 1993). 

Older individuals, in contrast, have been shown not to demonstrate such changes 

with altered body position (Angulo- Kinzler et al. 1998, Chalmers and Knutzen, 

2002, Koceja et al. 1995, Mynark and Koceja, 2002). In young individuals, H reflex 

amplitude has been shown to be facilitated from the Jendrissik manoeuvre, which 

consists in upper exhwfity muscle contraction, through regulation of presynaptic 

inhibition levels (Delwaide and Toulouse 19801, Zehr and Stein 1999). This 

facilitation, however, has been shown to be reduced with increasing age (Burke et al. 

1996, Tsuruike et al. 2003). Similarly, while voluntary contraction is known to 

increase spinal reflex excitability through reduced levels of presynaptic inhibition, 

possibly through supraspinal and segmental mechanisms (Hultborn et al. 1987), this 

is not as apparent in older subjects. Earles et al. (2001) demonstrated that in young 

subjects presynaptic inhibition is modulated at low voluntary contractions, levels, 
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whereas older individuals failed to modulate the level of presynaptic inhibition until 

20% of maximal voluntary contraction (MVC). 

Nerve conduction velocity, of both sensory and motor nerves, decreases by between 

10 and 20% with increasing age in humans as a consequence of the degeneration of 

the axon properties (Bouche et al. 1993, Dorfinan and Bosley 1979, Drechler 1975). 

A consequence of the reduced nerve conduction velocity with ageing is a delay in the 

H reflex onset latency. A21% increase in H. onset latency was reported by 

Sabbahi and Sedgwick (1982), while Scaglioni et al. (2002) reported a more modest 

increase of 10% with increasing age. Interestingly, this decrease in nerve conduction 

velocity, and consequently, increase in H. onset latency, appears to occur up until 

the age of 60 years, as subsequent to 60 years no correlation between H.., onset 

latency and age has been demonstrated (deVries et al. 1985, Falco et al. 1994). M'M, 

onset latency would be expected to increase with increasing age due to the decrease 

in nerve conduction velocity of the motor nerves. An increase in M. onset latency 

of 16% was reported in older adults (Sabbahi and Sedgwick 1982). However, 

findings of no significant increase in M. onset latency have also been reported 

(Scaglioni et al. 2002). 

Of interest is whether the reduced integrity of the H reflex response with ageing is 

through physical deconditioning or through degeneration. Studies have shown a 

difference in the Hm, /Mm, ratio between athletes and non athletes and between 

power and endurance trained athletes (Ahneida- Silveira et al. 1996, Casabona et al. 

1990, Maffluletti et al. 2001, Perot et al. 1991). The relationship between physical 
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activity levels and the monosynaptic stretch reflex system with ageing has been 

studied in both males and females with no significant difference being found 

between physically active older individuals and sedentary individuals (Clarkson 

1978, Hart 1986). Similarly, a 16 week strength training program in older individuals 

was found to have no effect on either the latency of the H reflex response or the 

H.. /M.. ratio, suggesting that the reduced integrity of the H reflex observed in 

older individuals is not due to physical deconditioning but simply to the ageing 

process (Scaglioni et al. 2002). 

SECTION 2c: H REFLEX AND TEMPERATURE 

Despite a lack of standardisation in temperature manipulation procedures and the 

limited research available, it appears that an increase in the H. amplitude occurs as 

a result of limb or joint cooling (Knutsson and Mattsson 1969,1970, Krause et al. 

2000, Urbscheit and Bishop 1970) and with whole body cooling (Oksa et, al. 2000). It 

was demonstrated that changes temperature of the area near to the nerve, and not 

core temperature, are responsible for increased soleus H., as H. increased 

following whole body cooling at 10 *C, whereas no increase in amplitude was found 

when the whole body was cooled, but with neutral leg muscle temperature (Oksa et 

al. 2000). On the other hand, no changes in the H. with limb cooling have also 

been reported despite a decrease in soleus intramuscle temperature of 12 *C (Bell and 

Lehmann 1987). Even fewer papers have been written on the effects of increased 

temperature on the H.. Only one study was found whereby the body temperature of 

the cat was increased to hyperthermic levels of 40- 41 *C which resulted in a 

decrease in the H. (13hattacharya et al. 1981). 
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Only two of the studies referenced above report the corresponding changes in M. 

following cooling, with Oksa et al. (2000) reporting an increased M., while Bell 

and Lehmann (1987) reporting a decreased M.. In studies whereby H reflex was 

not measured, the M. is consistently shown to increase with warming and decrease 

with cooling (Falck and Lang 1986, Rutkove 2000, Rutkove et al. 1997). When 

comparing changes in the H. /M. ratio following either cooling or warming, an 

increased H. /M. ratio following whole body cooling has been reported (Oksa et 

al. 2000), Bell and Lehmann (1987), however, reported no change in the ratio. In the 

decerebrate cat, cooling the muscle temperature was seen to facilitate the 

motoneuronal excitability (Chapman et al. 1979). 

The increased in the amplitude of the M. and to a certain extent the H. with 

cooling is primarily due to the previously described changes in the muscle fibre 

membrane with temperature, which increases the action potential amplitude with 

cooling and decrease the amplitude with warming (see section I c). 

These changes in the membrane function with temperature do not, however, explain 

the change in the H. /M. ratio. The level of inhibition either at the presynaptic or 

post synaptic site can be influenced by inputs from other afferents. An increase in 

afferent discharge of the sensory endings of muscle spindles has been reported 

following cooling (Lippold et al. 1960, Michalski and S6guin 1975). Although this 

would not have a direct influence on the H. /M. ratio, studies on relaxed muscle 
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of the cat have demonstrated that while there was no response to cooling in the Ia 

primary endings, discharge frequency of the secondary afferents was increased, 

producing autogenic as well as synergistic facilitation of motoneuronal excitability 

(Chapman et al. 1979, Michalski and S6guin 1975). Little or no Golgi tendon organ 

activity was demonstrated in the cooled muscle (Michalski and S6guin 1975). 

Similarly, cutaneus receptors may influence the level of inhibition/ excitation at the 

synapse. Nociceptors respond to noxious low temperatures (<20 *C) (Campero et al. 

1996) and data from both animal and human experiments reveal a convergence of 

nociceptive inputs onto spinal reflex pathways via common spinal interneurons 

(Ellrich and Treede 1998, Steffens and Schomburg 1993). 

Similar to the effect of temperature on the muscle fibre membrane, temperature 

affects the nerve fibre membrane conduction and consequently the latency of the 

reflex response. A decrease in temperature slows down the opening and closing of 

the Ne channel, reducing the nerve conduction velocity (Hodgkin and Katz 1949), 

with warming having the opposite effect (Stegeman and De Weerd 1982). From the 

very early studies of nerve conduction velocity a relatively linear relationship has 

been shown between the nerve conduction velocity and nerve or near nerve 

temperature (Edelwejn 1964, Gasser and Trojaborg, 1964, Henrikson, 1956). 

Changes of between 1.5- 2.4 m/s/OC have been reported on various nerves (reviewed 

in Rutkove 2001). Reports suggest that there are differences between sensory and 

motor nerve temperature sensitivity, with the sensory nerves being less sensitive than 

the motor nerves (Bolton et al. 1981, Halar et al. 1981,1983, Hlavova, et al. 1970), 

Similarly, differences in temperature sensitivity have been noted according to the 
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fibre size, with larger diameter, faster conducting fibres having higher temperature 

sensitivity (Douglas and Malcolm 1955, Gasser and Grundfest 1939, Goldman and 

Albus 1968). With respect to the H reflex, a delay in the H reflex response following 

cooling and a shortened response a result of wanning has been reported 

(Bhattacharya et al. 198 1, Oksa et al. 2000). 

SECTION 3a: POSTUROGRAPHY 

Balance can be defined as equilibrium resulting from matching torques developed by 

muscles around a joint. The torques can be matched in anticipation of, or as a 

reaction to the effects of postural disturbance (Balasubrarnaniarn and Wing 2002). 

The integrity of the postural control system is typically evaluated with tests of static 

or dynamic posturography. While static posturography evaluates the postural control 

system in a stationary position and environment, dynamic posturography evaluates 

the integrity of the postural control system by assessing the response to postural 

perturbation (Prieto et al. 1996). The experimental protocols associated with dynamic 

posturography are considerably more hazardous and physically taxing than those 

involved with static posturography. Thus, static posturography is a much simpler and 

safer test to perform and administer to older individuals while providing a 

reproducible method for evaluating the steady state behaviour of the human body 

during periods of undisturbed stance (Collins and De Luca 1993). 

Postural steadiness is most commonly described with reference to the body's centre 

of pressure (COP). The COP measures the location of the vertical ground reaction 
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vector from the surface of the force plaffonn (Prieto et al. 1996). This measurement 

should not be confused with the movement of the body's centre of gravity (COG). 

While the COG is the parameter being controlled by the postural systems, the 

movement of this is not directly accessible, whereas the movement of the COP can 

be directly measured and easily quantified. Increases in displacement of COP reflect 

consistent increases in those of the COG, suggesting that under static conditions the 

COP parameters can be used to approximate those of the COG (Murray et al. 1967, 

Hasan et al. 1996). 

Previous studies have used a range of methodologies, acquisition settings and 

outcome measures when assessing posture, leaving little common ground for 

comparison between studies (for summary see Schmid et al. 2002). Recent studies 

have attempted to establish standardised protocols for use of posturography, i. e. 

standardised acquisition settings (Schmid et al. 2002) and sampling duration 

(Carpenter et al. 2001, Le Clair and Riach 1996). The various COP parameters that 

have been reported can be classified into: 1) time domain measures of distance, area 

and velocity; 2) time domain hybrid measures and fi-equency domain measures of 

spectral magnitude and distribution (Prieto et al. 1993). The most frequently reported 

measures of postural sway include sway area, sway velocity, mean amplitude and 

mean frequency. The sway area is the total area circumscribed by the COP within the 

sampling duration; the mean amplitude is the mean distance between sampling points 

and the'arithmetic mean point; the mean frequency is the frequency of a circular 

motion with a radius equal to mean amplitude and the total length of the sway path; 
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sway velocity represents the total distance travelled by the COP over time, Le the 

amount of regulatory activity associated with the level of stability achieved 

(Hufsehmidt et al. 1980, Schmid et al. 2002). The physiological meaning of the sway 

velocity is unclear; however it is thought that an increase in velocity represents a 

decreased ability to control posture and vice versa (Baloh et al. 1998b, Ekdahl et al. 

1989, Le Clair and Riach 1996). 

During a postural task the human postural system receives information from the 

visual, vestibular and proprioceptive systems. Afferent signals from these systems 

are believed to continually modify the activity of the musculature during quiet 

standing (Collins and De Luca 1993). Collins and De Luca (1993) question the 

continuity of the feedback systems and suggest that an open loop/closed loop 

strategy is in place whereby mechanical fluctuations in the joint and their associated 

drift effects are left unchecked by the postural control systern until they exceed some 

systernatic threshold. Only then the efferent signals from the corrective feedback are 

transmitted to the postural muscles. 

The role of the visual system is estimated by removing vision during a postural task. 

IMe ratio of the eyes closed measure to the eyes open measure is referred to as the 

Romberg quotient (Doman et al. 1978, Prieto et al. 1993). The removal of 

proprioceptive information by way of ischemic blocidng of afferent fibres combined 

with the removal of visual input has allowed researchers to report the optimal 
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working frequency of the different systems. It has been found that the visual system 

has an optimal working frequency of below I Hz; (Dichgans and Brandt 1973, Diener 

et al. 1983), while the afferents arising from muscle spindle have an optimal working 

range above I Hz (Diener et al. 1984, Mauritz; and Dietz 1980). From this it appears 

that during quiet standing it is mostly the visual system and not the proprioceptive 

system that is working, as quiet stance has a predominantly low frequency content 

(Nardone et al. 1997). Consistent with this finding, the postural control of patients 

with complete loss of large Ia afferent fibres has been reported to be no worse than 

subjects with fully functioning la afferent fibres. However, patients with Ia afferent 

deficit showed a greater reliance on vision than normal subjects and while the sway 

area was not significantly different, the difference between the groups was reported 

as being 22% (Nardone et al. 2000). 

SECTION 3b: POSTUROGRAPHY AND AGEING 

It has been consistently shown that stability decreases with age (for review see Maki 

and McIlroy 1996). Cross study comparisons are difficult, however, as the methods 

and calculations of sway measurements vary from study to study. It appears that 

sway velocity as opposed to sway amplitude is the best descriptor of instability with 

ageing, since sway amplitude is not always shown to differ between young and older 

adults (Baloh et al. 1994, Hufschmidt et al. 1980, Maki et al. 1990). The speed of the 

displacement of the centre of pressure represents the amount of activity required to 

maintain stability rather than stability per se (Mald et al. 1994). When 72 subjects 

aged 79-81 years were followed over a three year period significant increases were 

found in the sway velocity of the COP (Baloh et al. 1998a). 
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While it can be argued that spontaneous sway assessments reflect only the integrity 

of the corrective postural mechanisms rather than the likelihood of experiencing 

perturbations, little difference between spontaneous sway measures and induced 

sway measures was reported in the prediction of future falls (Maki et al. 1994). It is 

unclear whether sway area or sway velocity during a spontaneous sway assessment is 

the best determinant of the likelihood of falling in the elderly, with studies showing 

conflicting findings. Fernie et al. (1982) and Maki et al. (1990) reported sway 

velocity as being the best determinant, whereas others have reported sway area and 

not sway velocity as being the single best parameter of predicting future falls (Baloh 

et al. 1994, Maki et al. 1994, Overstall 1980). 

When vision was removed the older subjects increased their postural sway velocity 

and amplitude to a greater extent than younger subjects, whereas when 

proprioceptive information was removed using tendon vibration, the stability of both 

the young and older were similarly affected (Hay et al. 1996). It is possible that the 

explanation for this is simply that the relative importance of proprioceptive 

information is similar for both the young and older individuals, with the older also 

relying more on visual inputs. It could, however, be interpreted as the older people 

being more dependent on vision to substitute for other weakened sensory cues (Hay 

et al. 1996). 
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The exact mechanisms for the decreased postural sway with age have not, as yet, 

been specifically identified. This decline may, however, be connected with changes 

in both the central and peripheral nervous system, which could affect either or both 

of the sensory or motor components of balance (Nardone et al. 1995, Stelmach and 

Worringham 1985). A decreased efficiency of the stretch reflex and specifically the 

monosynaptic reflex has been demonstrated with increasing age (for review see 

section 2b). This would affect the prioprioceptive response of the ankle joint when 

attempting to maintain and correct stability. The latency and amplitude of the 

monosynaptic stretch reflex and H reflex have been consistently shown to increase 

and decline, respectively, with age, due to factors such as degenerated muscle 

spindles (Swash and Fox 1972), decreased nerve conduction velocity (Boxer et al. 

1988), impaired sensory- motor synapses (Morita et al. 1995) and changes in the 

motor unit organisation (for review see Vandervoort 2002). This leads to a less 

prompt and insufficient feedback muscle action, which may increase the 

displacement of the COP. 

Using a dynamic force platform to induce sway, the association between EMG 

response, postural sway and age has been studied. These studies, however, give 

confusing results as to which parameters are correlated. During upward tilt of the 

platform, a correlation has been reported between the sway area and sway path and 

the latency of the short latency response (SLR) of the soleus, despite no correlations 

being reported for the EMG response from the tibialis anterior. During the downward 

tilt, again a correlation was reported for the sway parameters and the EMG response 

of the soleus, but this time the correlation was with the long latency response (LLR), 
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as with the upward tilt no correlations were reported with the EMG response of the 

tibialis anterior. The correlations were stronger for all responses with the eyes closed 

rather than eyes open (Nardone et al. 1995). Differing findings have been reported 

whereby, during upward tilt, both the latency and the area under the tibialis anterior 

medium latency response (MLR) and LLR correlate well with postural sway, 

whereas no correlation was found between the latency of the SLR (Allum et al. 

1993). 

SECTION 3c: POSTUROGRAPHY AND TEMPERATURE 

Little literature is available on the effects of temperature on postural control. The 

only study available, published following the study in the thesis, reports that whole 

body cooling increases sway path, sway velocity and sway area (Makinen et al. 

2005). The authors gave very little explanation as to why this occurs, however, they 

highlight shivering, a result of reduced core temperature, as being a possible 

determinant. 

SECTION 4a: FORCE FLUCTUATIONS DURING FINE MOTOR CONTROL 

When an individual is asked to perform a steady constant force muscle contraction, 

the force output is not constant but instead fluctuates around the target force. The 

amount of fluctuation is affected by many factors including age, temperature and 

contraction level (Danion and Gallea, 2004, Galganski et al. 1993, Lakie et al. 1994). 

Force fluctuation is normally defined as the variation in the force output, and it is 

quantified either as the absolute (standard deviation of the mean, SD) or the 
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normalised (coefficient of variation, CofV) fluctuation. When comparing two groups 

or conditions at a contraction level relative to the maximal strength of the subject, the 

CofV of the fluctuation is preferred as this takes into account differences in the 

absolute target force levels. 

During an isometric contraction the CofV varies as a function of the contraction level 

(% maximal voluntary contraction (MVC)); however, the exact nature of this 

relationship is unclear. AU shaped relationship has been reported to exist, whereby 

the force fluctuation is greatest at the lowest contraction levels, reducing as the 

contraction level increases until the force fluctuation is lowest at an optimal 

conti-action level of around 20-30% MVC; after this level it has been reported that 

the force fluctuation increases again (Danion and Gallea 2004, Taylor et al. 2003). 

This relationship is thought to exists because at and around the optimal force level, 

the force output can be adjusted either by varying the number of active motor units or 

by modulating the discharge frequency, while above or below this a single strategy is 

adopted (Danion and Gallea 2004). Other authors have, however, reported a plateau 

after around 20% MVC (Burnett et al. 2000, Christou et al. 2002, Galgansid et al. 

1993, Laidlaw et al. 1999,2000, Moritz et al. 2005, Tracy and Enoka 2002). 

Aside from the well recognised fixed passive factors affecting force production 

(angles of pennation, length-tension relationships, insertion distances), the active 

control of force within a single muscle group is generally believed to be modulated 

by two main factors: the recruitment and derecruitment of motor units within the 

active muscle and changes of the discharge characteristics of the active motor units 
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(Binder and Mendell 1990). Research on the origins of force fluctuations during an 

isometric contraction has focused mainly on the discharge characteristics of the 

active motor units. Moritz et al. (2005), using a combination of experimental 

observations and computer simulation techniques, identified that discharge rate 

variability (expressed as CofV of the discharge rate) was the major contributor to the 

force fluctuation over the worldng range of the considered muscles. This discharge 

rate variability was shown to be greatest at the low force levels (2-5% MVQ. The 

discharge rate, however, was reported to have only a minor influence on the force 

fluctuation. 

As with the discharge rate variability, computer simulations have demonstrated that 

motor unit synchronisation, a measure of the near simultaneous discharge of action 

potentials of two motor units (Semmler et al. 2000), can affect force fluctuation (Yao 

et al. 2000). Despite modelling studies showing that fluctuations in force do exist 

even when there is no motor unit synchronisation (Christakos 1982), it appears that 

an increased level of motor unit synchronisation increases the variation of the force 

fluctuation, with the effect being greatest at low contraction levels (Yao et al. 2000). 

In experimental conditions a positive association has been demonstrated between the 

motor unit synchronisation and force fluctuation in the FDI muscle during isometric 

contrýadions below 10% MVC (Semmler et al. 2000). A relationship has been 

reported to exist between motor control training, motor unit synchronisation and 

force fluctuation. Musicians, trained in fine motor control, have lower levels of 

motor unit synchronisation, and low levels of force fluctuation, while shmgth trained 

adiletes, trained in gross motor control, have greater levels of motor unit 
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synchronisation and higher force fluctuation when compared to control subjects 

performing a low level isometric task (Semmler and Nordstrom 1998). 

During an isometric contraction, the muscle spindles have been reported to respond 

to small force fluctuations, consequently facilitating the activation of motor units 

(Lippold 1970). Work by Marsden (1978) suggests that the short latency stretch 

reflex creates oscillation at a frequency around 10 Hz, while the long latency stretch 

reflex oscillates at around 7 Hz. Similarly, using the theory that temperature will alter 

the delay in the stretch reflex circuit and therefore changes the frequency of 

oscillation, Lippold (1970) also comes to the conclusion that tremor in the 8-12 Hz 

band is due to the oscillations in the stretch reflex servo loop. Not all researchers, 

however, are in agreement as to the contribution of the stretch reflex during isometric 

contraction. Durbaba et al. (2005), for example, suggest that there is no clear stretch 

reflex contribution at low level isometric contraction (30%) as they reported no 

obvious peaks in the fi-equency band between 8-12 Hz. In an isometric contraction 

muscle- length changes are minimised and consequently the loop gain is greatly 

reduced, although Durbaba et al. (2005) acknowledge that the stretch reflex is still 

present. 

SECTION 4b: FORCE FLUCTUATION AND AGEING 

One of the consequences of increasing age is the reduced ability to perform simple 

tasks such as exerting a constant force during a submaximal contraction. Studies are 

consistently showing that older individuals display more fluctuation during isometric 

contractions than their younger counterparts (e. g. Bazzucchi et al. 2004, Tracy and 
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Enoka 2002, Vaillancourt et al. 2003). The difference between the age groups is 

related to the force level, with the differences being greatest at the lowest and highest 

intensity and the difference between the groups being lowest or disappearing at a 

contracfion level of around 30-40% MVC (Galganski et al. 1993, Tracy and Enoka, 

2002, Vaillancourt and Newell 2003). Force steadiness of the knee extensors has 

been highlighted by Seynnes et al. (2005) as a strong indicator of functional ability of 

the lower limbs in healthy elderly females. A strong correlation was demonstrated 

between force steadiness, measured at 50% WC, and chair rise time and stair climb 

power (Seyimes et al. 2005). 

The origins of the force fluctuation in young individuals have yet to be fully 

understood, maldng the research into the causes of increased force fluctuation with 

ageing difficult. Recent studies have pointed towards at least 4 features of motor 

output that could contribute to differences in steadiness between young and older 

adults. These include the average force produced by the motor unit, the amount of 

motor unit synchronisation and the discharge behaviour of motor units and the 

pattem of coactivation by the antagonist muscle. 

At very low forces (< 10% MVQ, in which the difference between young and older 

adults appears to be greatest (Galganski et al. 1993, Tracy and Enoka, 2002, 

Vaillancourt and Newell 2003), the relative contribution of single motor units to the 

net force is greatest due to the relatively low number of recruited fibres (Fuglevand 

et al. 1993). As a result of the increased innervation ratio of the low fteshold motor 

units with ageing, the twitch forces of the low threshold motor units are greater in 
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older adults compared to young adults (Galganski et al. 1993, Semmler et al. 2000), 

leading researchers to hypothesise that at low level isometric contractions, 

recruitment of these larger motor units would contribute to the increased force 

fluctuations in the older group compared to the young group. Computer simulation 

studies, however, have indicated that increasing in the motor unit twitch force by 

40% has negligible effects on force fluctuations during isometric contractions 

(Faylor et al. 2002). Similarly, following several weeks of strength training older 

individuals, which resulted in the removal of the differences in steadiness between 

young and older subjects, no difference in the motor unit force or the time course of 

the twitch was reported in the older individuals (Keen et al. 1994). 

As reported previously, motor unit synchronisation has been identified as one of the 

causes of force fluctuation during isometric contractions (Yao et al. 2000), however, 

it appears that a change in the amount of motor unit synchronisation is not a 

consequence of ageing (Semmler et al. 2000, Kamen and Roy 2000). Similar mean 

motor-unit synchronisation was reported for young and older adults during low level 

isometric contractions, despite older individuals having greater force fluctuations 

than the young subjects (Semmler et al. 2000). 

The discharge characteristics of the single motor unit, do not appear to be affected by 

ageing at low level contractions as the majority of investigations have reported no 

difference in the discharge rate or discharge rate variability between young and older 

adults at isometric force levels ranging from 2.5 to 50% MVC (Galgansid et al. 1993, 

Laidlaw et al. 2000, Semmler et al. 2000, Vaillancourt et al. 2003). However, a 
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decrease in the discharge rate of the single motor units in the older individual when 

compared to the younger individual has been reported (Connelly et al. 1999, Kamen 

and Roy 2000). Conversely, both an increase and decrease in discharge variability 

have been reported (Laidlaw et al. 2000, Semmler et al. 2000). 

Investigations into the role of the antagonist coactivation appear to dismiss this as a 

factor for the differences between young and older individuals. Burnett et al. (2000) 

and Laidlaw et al. (2002), report that the increase in force fluctuation seen in the 

index finger of older individuals was not associated with either the level or the 

activation pattern of the coactivation. of the antagonist muscle in either young or 

older subjects. 

The stretch reflex loop is highlighted as a potential cause of the force fluctuations in 

young subjects. As changes occur at each level of the stretch reflex loop, from the 

periphery to the spinal level (reviewed in detail in section 2b), it may be 

hypothesised that these changes will affect the force fluctuations, potentially 

changing the frequency of the fluctuations due to the known slowing of the reflex 

loop with ageing. No work has yet, however, been done to support this speculation. 

SECTION 4c: FORCE FLUCTUATION AND TEMPERATURE 

'Mere have been few comprehensive studies on the effects of temperature on force 

fluctuation. Prior research has focused more on tremor at rest and the effects of 

temperature on manual dexterity tasks. The findings are conflicting with no 
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indications of the physiological mechanisms responsible for changes occurring as a 

result of altered temperature. For instance, Lakie et al (1994) and Feys et al. (2005) 

reported improvements in a fine manual dexterity task and tremor amplitude in 

healthy individuals and patients with essential tremor and multiple sclerosis 

following a period of arm cooling, whereas Havenith et al. (1995) and Cheung et al. 

(2003) found opposing findings, whereby healthy subjects showed an impairment in 

manual dexterity tests with cooling. Findings from Cooper at al. (2000) suggest that 

the outcome of temperature manipulation on tremor may be population specific as 

they found that patients with essential tremor benefited from cooling, whereas 

Parkinson disease patients benefited from warming when completing dexterity tests. 

Farina et al. (2005) investigated the effects of the discharge characteristics of single 

motor units while young subjects performed a low intensity contraction and were 

asked to maintain a minfinum discharge fi-equency of a target motor unit. After 

warmmg, the minimal discharge rate remained constant when compared to control, 

similarly the recruitment thrwhold of the target motor unit was constant and the 

discharge variability, thought to be one of the major causes of the force fluctuation 

(Moritz et al. 2005), was unaltered. Bigland-Ritchie et al. (1992) showed no change 

in motor unit discharge rate during a maximal voluntary contraction following 

cooling of the hand muscles when compared to control conditions. These findings 

suggest that an alteration to the motor unit discharge characteristics was not the cause 

of the change in the ability to perform a fine manual task following temperature 

manipulation. Similarly, a change in the synchronisation of the motor unit firings can 

be disregarded as cause of change in force fluctuation with temperature, as both 
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cooling and warming have been found to have no effect on the motor unit 

synchronisation (Bertram et al. 1995, Farina et al. 2005, Gydikov et al. 1979). 

As previously described, temperature affects the membrane properties of the motor 

unit, consequently influencing the twitch properties, including the twitch duration 

and twitch force. Cooling increasing the duration and twitch force, while warming 

decreases the duration and twitch force (Bigland-Ritchie et al. 1992, Davies et al. 

1982, Geurts et al. 2004, Ranatunga et al. 1987). The effect of this change in twitch 

properties on force fluctuations is not Imown, however, computer simulation studies 

have found only negligible effects of twitch force on force fluctuation (Taylor et al. 

2000). 

Changes occur at each level of the stretch reflex loop, fiom the periphery to the 

spinal level following both wartning and cooling (reviewed in detail in section 2c). 

Therefore, it may be hypothesised that these changes will affect the force 

fluctuations, potentially changing the firquency of the fluctuations due to the known 

slowing of the reflex loop with cooling and the quickening with wanning. The only 

work to investigate this was early research by Lippold et al. (1957,1970). who found 

that following cooling, there was a reduction in frequency and a reduction in 

amplitude of the force fluctuations, while warming raised the frequency with no 

mention of the effects on wnplitude of force fluctuations. 

SUMMARY OF LITERATURE AND HYPOTHESES 
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Ageing affects all aspects of the neuromuscular system and consequently motor 

control. The main effects of ageing include: shrinking and loss of motor units and 

muscle fibres, changes in the characteristics of the motor units to more slow twitch 

units (for review see Roos et al. 1997, Vandervoort 2002), changes in the efferent 

nerves supplying the muscle fibres with information and the afferent nerves 

providing information to central nervous system from the periphery, changes to the 

nerve include demylination of the fibres which in turn slows the conduction velocity 

of the signal (Adinolfi et al. 1991, Lascelles and Thompson 1966). At the periphery 

the sensory mechanisms including the muscle spindles are reduced in number and 

have a reduced sensitivity (Swash and Fox 1972). Consequences of these changes in 

the neuromuscular system to motor control include a loss of strength and power 

(Macaluso and De Vito 2003), poorer balance (Maki and McIlroy 1996), a slowing 

of the reflex response (Sabbahi and Sedwick 1982, Scaglioni et al. 2002) and 

worsening of fine motor control (Tracy and Enoka 2002, Vaillancourt et al. 2003). 

A change in muscle temperature in young individuals, either warming or cooling, is 

known to affect many parts of the neuromuscular systern which are affected by 

ageing. Cooling, for instance, has been found to slow the conduction of the signal 

along the nerve and across the muscle fibre (Hodgkin and Katz 1949, Bolton et 

al. 198 1), increasing the discharge of the muscle spindle (Lippold et al. 1960, 

Michalski and S6guin 1975) and shifting the force velocity curve of a muscular 

contraction to the left (Sargeant 1987). Cooling has been also shown to decrease 

strength and power during dynamic contractions (Davies and Young 1983, Oksa et 

al. 1997, Sargeant 1987) as well as slowing down the velocity of a reflex response 
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(Oksa et al. 2000). In contrast, wanning has been shown to increase the conduction 

velocity of the nerve and muscle fibres (Stegeman and De Weerd 1982, Gray et al. 

2006) and shift the force velocity curve of a muscular contraction to the right 

(Sargeant 1987). These changes have been seen to increase strength and power 

during dynamic contractions (Gray et al. 2006, Sargeant 1987, Stewart et al. 2003) 

and increase the velocity of a reflex response (Bhattacharya et al. 1981). What has 

not, as yet been established is the effects of either cooling or warming on postural 

control and fine motor control in both healthy young and older subjects. 

All studies investigating the effects of temperature on the neuromuscular system 

have been reporting on young healthy individuals (predominantly fit, healthy males) 

however, it is not known if the findings ftom these studies can be transferred to a 

sedentary female population or, more importantly, an older female population. 

Hypothesising what may happen when the aged muscle is cooled or warmed is 

difficult, as it is not known whether the deteriorated muscle, nerve and peripheral 

sensory mechanisms have the ability to adapt to the modified temperature. As it has 

been seen that the older individual has a less responsive thermoregulatory system to 

whole body wanning and cooling, including reduced vasoconstriction/dilation, 

metabolic heat production and cardiovascular function (for review see Florez-Duquet 

and McDonald 1998, Kenny and Munce 2003), it is possible that one of the 

consequences of ageing is a lack of adaptability to changes in the external 

environment. This lack of adaptation is highlighted in section 2b (H reflex and 

ageing) whereby changes in body position, muscle contraction. level and the 

Jendrissik manoeuvre which alters the level of spinal reflex excitability and, 
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therefore, the amount of excitable motor units in young subjects has no effect on the 

spinal reflex excitability in older individuals. On the other hand, should the 

neuromuscular system of the older subjects have a retained ability to respond to 

altered temperature and respond in a similar manner to younger subjects then this 

could potentially affect greatly the older individuals ability to successfully perfonn 

motor tasks. 

Taking this into consideration, the research hypothesises for experimental chapter are 

outlined below. 

Chapter 3: 

It is hypothesised that young subjects will increase the strength output during the 

isoldnetic contractions but not during isometric contractions as this has previously 

been shown not to be affected by either wartning nor cooling (Bergh and Ekblom 

1979, Stewart et al. 2003, Thornley et al. 2003). With respect to the EMG 

parameters, it is thought that this will be affected by both warming and cooling due 

to the change in velocity of the muscle fibre membrane potential, with warming 

increasing the velocity, hence decreasing the RMS, while increasing the MFCV and 

the MNF; while cooling will decrease the velocity therefore increasing the RMS 

while decreasing the NFCV and the MNF. In the older individuals a lower strength 

output during both isokinetic and isometric contractions when compared to the young 

subjects is expected along with a lower RMS, NIFCV and MNF. With respect to 

temperature two hypothesises are possible: 1) temperature (both wanning and 

cooling) will have no effect on either the strength or the EMG parameters due to the 
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degenerated neuromuscular system preventing the modifications seen in the young 

individuals, or 2) it is possible that the older group will respond in a similar manner 

to the younger subjects, possibly even to a greater extent than the young due to the 

contraction velocities adopted in the present study being closer to their optimal 

contraction velocity, whereby the greatest effects of temperature are seen to occur. 

Chapter 4: 

In the second study, it is hypothesised that in the young subjects the spinal reflex 

excitability (Hmax/ Nfinax. ratio) will increase will cooling and decrease with 

warming and that reflex onset latency will increase with cooling and decrease with 

warming. In the older individuals, a lower spinal reflex excitability is expected with a 

slower reflex response latency in comparison to young subjects. With respect to 

temperature, as the spinal reflex excitability has been shown to be less adaptable to 

changes in the external environment it is, therefore, hypothesised that the spinal 

reflex excitability will not be changed with either warming or cooling. It is unclear 

however, whether the onset latency will be affected by temperature in similar manner 

to the younger subjects as a consequence of the changes in the nerve structure with 

ageing. 

Chapter 5: 

In the third study, as postural stability is partially dependent on the proprioceptive, 

reflex response to detect and respond to postural sway, it is thought that cooling will 

slow the delivery of the signal from the receptors along the afferent nerves to the 

central nervous system and slow the corrective response through the efferent nerves 
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to the muscle (as hypothesised in chapter 4), therefore, this delay in reflex response 

will worsen the postural control of the younger individual. On the other hand, 

warming will increase the velocity of the corrective response and improve postural 

control. It is expected that the older individuals will have a poorer postural control 

compared to the young irrespective of temperature; however, it is not clear whether 

the older group will be as affected by temperature as the younger subjects. In the 

present study, we will test both eyes open and eyes closed conditions, as it is possible 

that the effects of temperature will be more evident when vision is removed and the 

subjects are more reliant on proprioceptive feedback. It is expected that the removal 

of vision will impair the older subjects to a greater extent than the young, as it is 

hypothesised that older subjects will be more reliant on vision to compensate for 

their impaired proprioception, irrespective of temperature condition. 

Chapter 6: 

The effect on temperature on fine motor control is unclear even in young individuals, 

with previous studies being inconclusive in their findings (section 4c). As 

temperature alters the muscle fibre membrane properties it is hypothesised that the 

discharge characteristics of the motor unit will be altered, for example, a slowing of 

the MFCV with cooling may reduce the discharge fi-equency of the motor units, 

whereas warming will have the opposite effect of quickening the MFCV and 

therefore, may increase the discharge frequency. It is expected that any change in the 

discharge characteristics may have a consequent effect on the force fluctuation. The 

stretch reflex loop is known to be active during low level isometric contractions and 

as hypothesised in chapter 4, the onset latency of the response will be slowed with 
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cooling and quickened with warming, which, in turn, will cause a delay in the 

response with cooling and a quickened response with warming, consequently 

worsening fine control and improving fine control respectively. The frequency 

content of the fluctuation is a tool used to indirectly assess the contribution of both 

motor unit firing and the stretch reflex; therefore, it is hypothesised that any changes 

in either system will be reflected in changes in the fi-equency content of the 

fluctuation. Previous studies have reported poorer fine motor control in older 

subjects, many reasons have been suggested for this, however, in this study we will 

look at the contribution of the discharge characteristics of the motor units, with older 

individuals hypothesised to have a reduced motor unit discharge variability, 

additionally, indirect assessment of the contribution of the stretch reflex loop to the 

force fluctuation will test the hypothesis that less of the force fluctuation will consist 

of corrections from the stretch reflex loop due to the older individuals having a 

reduced sensitivity of the muscle spindles. 
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CHAPTER 3 

Muscle temperature affects the toque and surface 

electromyographic properties of knee extensors in young 

but not older women 
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ABSTRACT 

The purpose of this study was to investigate the effect of altered local temperature on 

torque and EMG parameters in 15 young women (21.5 ± 2.2 years; mean ± SD) and 

12 older women (73.6 ± 3.2 years). Subjects completed maximal voluntary isometric 

contractions (MVC) and isokinetic knee extensions (30,60,90,120 and 240 "/s) at 

three muscle temperatures: control (-34 "Q, cold (-30 *Q and warm (-38 *C). 

Torque was lower in the older compared to young subjects regardless of temperature 

(comparisons at control temperature, torque at MVC, 30,60,90,120,240 O/s 

respectively; young: 138.2 ± 5.1; 142 ± 7.2; 123.6 * 6.1; 107.0 6.1; 99.3 5.6; 

76.4 ± 5.0 Nm; older: 101.0 ± 6.1; 94.7 ± 6.4; 84.0 ± 5.4; 67.8 6.7; 60.4 5.6; 45.3 

3.1 Nm; P<0.001). Warming had no effect on torque in either group, whilst cooling 

decreased the torque during the isokinetic contractions in the young group only, by 

9.8,7.3,5.6,5.6 % for 30,60,90,240 */s, respectively, (P<0.05). In both groups, 

muscle fibre conduction velocity (MFCV) was slower with cooling compared to the 

warm condition (decrease of 15% in the young and 17% in the older subjects; 

(P<0.05). Temperature, however, had no effect on the coactivation levels or the rate 

of force development in either group. This study suggests that the muscles of the 

older individuals are less responsive to altered temperature compared to young 

subjects. 
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INTRODUCTION 

A known consequence of ageing is the reduced strength and power output during a 

voluntary contraction (Bazzucchi et al. 2004, Macaluso and De Vito 2003, Skelton et 

al. 1994). It is critical that older individuals are able to generate enough power to 

perform simple day to day physical tasks such as rising from a chair, climbing stairs 

or lifting shopping bags to maintain independent living (Harridge et al. 1999b). Age 

related changes to the neuromuscular system, including a decrease in muscle mass, 

remodelling of the motor units from the fast type Il motor units to the slower type I 

motor units and changes in the discharge characteristics of the motor units, all 

contribute to this reduction in muscle function (Macaluso and De Vito 2004, Roos et 

al. 1997, Vandervoort 2002). 

Temperature is known to affect the voluntary muscle contraction of young healthy 

muscles, with warming enhancing muscle force output (Bergh and Ekblorn 1979, 

Sargeant 1987) and cooling impairing force output (Bergh and Ekblom. 1979, 

Cheung and Sleivert 2004, Comeau et al. 2003, Oksa et al. 1997, Sargeant 1987). 

This effect is more apparent in dynamic contractions as compared to isometric 

contractions, as force output during isometric contractions have been shown to be 

unaffected by temperature (Bergh and Ekblorn 1979, Binkhorst et al. 1977, Stewart 

et al. 2003, Thornley et al. 2003). As the amount of tension produced per cross 

bridge remains the same at different temperatures and that it is the population shift in 

the number of cross bridges that gives rise to the change in force production (Zhao 

and Kawai 1994, Coupland et al. 2001, Wang and Kawai 2001), changes in rate of 

cross bridge cycling due to changes in the enzymatic processes, including AT? ase 
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activity, are more discriminate in dynamic contractions (B&Any 1967). Older 

individuals have a more sedentary lifestyle during a typical day than their younger 

counterparts (Davis and Fox 2006), it is likely, therefore, that the limb temperature 

will be more influenced by environmental temperature in older individuals. Should 

older individuals display the same response to reduced muscle temperature as healthy 

young individuals, this could have serious implications to the success of performing 

tasks if they reside in a below normal room temperature, as cooling may reduce the 

muscular strength to below the critical level for performing the task. On the contrary, 

warming may be used to assist the individual in performing a task if, like young 

individuals, muscle function is enhanced. In contrast, however, it may be that the 

degenerated neuromuscular system of older individuals may prevent the 

modifications seen with altered temperature in young healthy muscles. 

The aim of the study, therefore, was to investigate the effects of altered muscle 

temperature on neuromuscular responses in older women in comparison to that of 

younger women. Women were studied as they are more likely to reach the threshold 

for an independent life before nudes (Katz at al. 1983, Skelton et al. 1994). 
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METHODS 

Subjects. 

Twenty-seven healthy women (15 young: aged 21.5 ± 2.2 years, body mass 62.7 

6.1 kg, stature 1.65 ± 0.05 m and 12 older: aged 73.6 ± 3.2 years, body mass 66.0 

11.9 kg, stature 1.60 ± 0.06 in; mean ± SD) participated in the study after giving 

written informed consent. Subjects had no known neuromuscular disorders and older 

subjects were selected according to the criteria for being medically stable as 

proposed by Greig et al. (1994). All women were moderately active participating in 

non competitive physical activities no more than twice a week. Ethical approval was 

obtained fi-om the Ethics committee of the University of Strathclyde. 
. 

Emggdmental desigLi 

After an initial familiarisation session allowing the subjects to become accustomed to 

the procedures and exercises, subjects attended the laboratory on one single occasion. 

Minimal physical activity was performed and no caffeine or alcohol was permitted 

24 hours prior to testing. Following preparation subjects performed tests under three 

muscle temperature conditions, administered in a random order: cold, control and 

warm. In each testing condition individuals were required to perform a series of 

tasks: maximal isometric voluntary contraction of the knee extensors (MVC) and 

knee flexors (MVF) followed by a series of isokinetic knee extensions at 30,60,90, 

120 and 240 */s, administered in a random order. 
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TgMperature measurements. 

Muscle and skin temperature were measured fiom the vastus latendis of the 

dominant leg. Muscle temperature was measured using a flexible intramuscular 

probe (Ellab ltd, Norfolk, UK) inserted I cm below the subcutaneous fat layer 

(sldnfolds x 0.5) at an angle of 45* in the direction of the muscle fibres. The 

thermistor was inserted through a venflon 18GA cannula (Becton Dickinson, 

Sweden) and advanced 0.5 cm beyond the end of the cannula into the muscle. Skin 

temperature was measured using a skin thermistor (Ellab ltd, Norfolk, UK) placed 2 

cm above the insertion of the muscle temperature probe. Both skin and muscle 

thermistors were secured with tape. Temperatures were recorded from a Medical 

Precision Thermometer (DM 852, Ellab, Copenhagen, Denmark). Core temperature 

was estimated using an infrared tympanic thermistor (Braun, type 6013, Germany). 

Muscle temperature was continuously monitored ensuring consistent i 

during each contraction. 

Testing was conducted at muscle temperatures of 30,34 and 38 *C; this was 

considered as the cold, control and warm muscle temperature conditions, 

respectively. lee bags covering the whole of the quadriceps muscle group were used 

to cool the muscles and hot water bottles again, covering the whole of the quadriceps 

muscle group, were used to warm the muscles. 

Sftmg! h and ggwer measumnents 

Isometric and isoldnetic knee extension torques of the dominant limb were measured 

with a dynamometer (Biodex System 3, Biodex Medical Systems Inc, New York). 
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Subjects were seated in the dynamometer with hip and knee angles of 90 ". Straps 

were secured across the chest and waist. The rotational centre of the lever arm was 

aligned to the lateral femoral epicondyle of the knee. The lever arm was secured to 

the lower leg with a resistance pad around the ankle. Visual feedback was provided 

to the subjects on a computer screen. Subjects were required to produce one MVC 

followed by one MVF. The MVC and MVF were repeated, with target bands on the 

screen set 20% higher than previous performance. Subjects followed the force 

production on the screen and were verbally encouraged to achieve their maximum, 

with contraction to be maintained for approximately 3 seconds. Prior to every 

contraction it was emphasised that they were to reach their maximum as fast as 

possible. 

After a rest period of 3 minutes the subjects completed the series of isokinetic knee 

extensions, with 2 contractions at each velocity. A resting period of one minute was 

given between all contractions. The movement angle for every contraction was 60 

(from 90 0 to 150 0, with 180 * being full knee extension). Again, prior to every 

contraction emphasis was placed on the importance of reaching the maximum force 

as fast as possible. 

Surface electromyogmphy (EMG) recording. 

EMG recordings were obtained from the distal portion of the vastus lateralis and the 

biceps femoris using an adhesive linear array of 4 electrodes, 10 mm interelectrode 

distance (ELSCH 004, SPECS Medica, Salerno, Italy). The optimal electrode 

position was determined after the most distal innervation zone was located. The 
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electrode was placed distally to this location with the orientation being the position 

with the best propagation of the signal along the array without a change in shape, 

determined from visual inspection of the signals. After slight abrading of the skin 

with abrasive paste (Meditec- Every, Parma, Italy), the electrodes were attached and 

20 pl, of conductive gel was inserted into the cavities of the electrode to ensure 

proper skin-electrode contact. Signals were amplified (EMG 16, LISiN- Prima 

Biomedical & Sporý Treviso, Italy) and band passed filtered (10-50OHz) at a 

sampling frequency of 2048 Hz. 

Data anal3lils 

Data were analysed off line using the Biodex and Labview software for the 

mechanical and EMG data, respectively. Torque was calculated as the mean value 

for a 500 ms window centred at the peak force. ne rate of force development (RFD) 

was calculated from the MVC. Force at time points 0,20,50,100 and 200 ms were 

determined. Tftne point 0 was taken as being the point whereby force level increased 

above baseline by 2 Nm. RFD at each stage was calculated by subtracting the force 

at 0 ms from the force at that time point (Aagaard et al. 2002a). To remove the 

deceleration phase of the isoldnefic movement only values from 90" to 14011 were 

analysed. 

The EMG variables calculated for the MVC and the isoldnetic contractions were root 

mean square (RMS), average rectified value (ARV), median fi-equency (MDF), mew 

frequency (MNF) (formulas given below) and muscle fibre conduction velocity 

(WCV) (detailed below). For the MVF, only RMS and ARV were extrmcted. RMS, 
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ARV, MDF and MNF were computed from the central single differential signal of 

the selected triplet using adjacent epochs of 256 ms with an overlap of 128 ms. These 

values were calculated for the 512 ms window centred at the peak torque (Figure 

3.1). The MFCV was estimated according to Merletti and Lo Conte (1995), from the 

two double differentials of a triplet of adjacent signals using the EMG cross- 

correlation (CC) fimction which assumes that the time delay between two similar 

signals is the amount of time shift that must be applied to one signal to minimize the 

mean square error with the other and to maximizes the CC between the two signals 

(Naeije and Zom 1983). Estimates of MFCV were accepted only if the CC values 

were higher than 0.8. RMS and ARV of the EMG from the biceps fanoris muscle 

were calculated for the same period during the knee extension to detemline the 

effects of altered agonist muscle temperature on coactivation. This RMS (ARV) 

value is expressed as the percentage of maximal biceps femoris RMS (ARV) 

measured during the knee flexion. Similarly, the effect of altered antagonist muscle 

tanperature on coactivation during knee flexion is expressed as a percentage of 

maximal vastus; lateralis RMS (ARV) measured during the knee extension. 

ARV= 111 

N 
n=-N12 

RMS= 

MDF= L' 2 
fP(f)df M4) 2 
0 
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00 A4NF= c f)P(f)df /a fP(f)df 
= M, / Mo 

00 

0.5s 

5ONm 
Force trace 

2mV EMG vastus latemlis 

2mV 
EMG biceps fetnoris 

Figure 3.1. Example data of the raw traces of the torque and the EMG during an MVC (knee 

extension, young subject). The portion of the signal used for analysis is highlighte& 

Statistical anal32i: s 

All data were nonnally distributed in tams of skewness and kurtosis. Data were 

analysed with a three-way repeated measures ANOVA (age x temperature x fOrce 

level) for data in the torque, RFD and EMG parameters. A two-way repeated 

measures ANOVA (age x temperature) was used for the muscle, sIdn and core 

temperature and coactivation. analysis. An alpha level of 0.05 was used for all 

statistical comparisons and post-hoc comparisons (Student-Newman-Keuls (SNK)) 

were performed when the ANOVA was significant. Data are given as mean ± 

standard error (SE) unless otherwise indicated. 
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RESULTS 

"ern erature 

As seen in table 3.1, cooling the muscles of the knee extensors decreased the muscle 

temperature of the vastus lateralis by - 40C when compared to control conditions 

(P<0.001), in both groups, while warming increased the muscle temperature by -4*C 

(P<0.001) compared to control conditions again in both groups. Similarly, in both 

young and older subjects, skin temperature of the vastus lateralis was decreased and 

increased following cooling and warming respectively (P<0.001). The estimated core 

temperatures (tympanic temperature) were the same for both groups and for all 

temperature conditions. 

Cold Control Warm 

TM ("C) y 29.7 d: 0.2* 34.1 :k0.1 38.1 :b0.1 * 

0 29.1 :k0.2* 33.9 A: 0.1 37.9: 1: 0. l* 

Tsk CC) Y 24.6: k 1.0* 31.3 ± 0.3 38.7 ± 0.4* 

0 26.1 ± 2.0* 32.8: k 0.7 38.6: k 1.2* 

Tt ("C) y 36.7 ± 0.1 36.8 ± 0.1 36. S: k 0.1 

0 36.4± 0.1 36.4± 0.1 36.4± 0.1 

Data are means: L SE; n =15 in young and 12 in older group; * denotes difference from control 

condition (P<0.01). T. = muscle temperature, Tje= sIdn temperature, Ti= tympanic temperature 

Table I I. Temperature values for the young (Y) and older (0) groups during cold, control and warm 

temperature conditions. 
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ToEgue 

The torque was greater in the young subjects than the older subjects for the MVC and 

MVF and at all angular velocities (ANOVA: P<0.001) (Figure 3.2). For the MVC 

under control conditions, older subjects reported a torque of only 73% of that 

attained by the young subjects. With respect to the effects of temperature on the 

torque production, there was a general effect of temperature in the young subjects, 

with the torque following cooling being significantly lower than the torque at control 

temperature (SNK: P<0.05). Warming was not different to control (Figure 3.2A). 

There was no significant effect of temperature on the older subjects. When the 

interaction action between velocity and temperature was analysed finther in the 

younger subjects, a reduction in torque with cooling resulted for all angular velocities 

excluding 120 */s, but not the MVC (0 "Is). When the torques are normalised to the 

torque value during the MVC at control temperature, the significant effects of 

cooling on the torque in the young subjects disappears, however the trend is similar 

with cooling being lower than control. Neither cooling nor warming affects the 

normalised torque in either the young or older subjects (Figure 3.2B). 
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Figure 3.2A. Torque (Nm) (mean ± SE) during knee extension for the young (left side, n =1 5) and 

older subjects (right side, n =12) for the cold -*-, control -mt-- and warm ... A- conditions. Torque is 

given for angular velocities of 0 (MVC), 30,60,90,120 and 240 */s. * denotes significant differences 

between cold and control; t denotes significant difference between young and older subjects. 
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Figure 3.2B. Normalised torque (0/*) (mean ± SE) during knee extension for the young (left side, n 

=15) and older subjects (right side, n =12) for the cold -4-, control -a- and warm - A... conditions. 

Torque is given for angular velocities of 0 (MVC), 30,60,90,120 and 240 O/s. All values are 

normalised against the torque at MVC during the control ternperature conditiom 
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EMG 

RMS and ARV yielded similar results and the MNF and MDF yielded similar 

results, therefore, for the sake of simplicity and clarity, only RMS and MNF will be 

displayed and discussed. 

The RMS was significantly greater in the young subjects am the older subjects 

(ANOVA: P<0.01) (Figure 3.3A). With respect to temperature, there was a general 

effect of temperature on RMS (ANOVA: P<0.01) but this is seen only in the young 

subjects where, in contrast to the torque results, it is warming that significantly 

affects the RMS, with RMS being lower following warming compared to the control 

condition (SNK: P<0.01), with no effect of cooling compared to control condition 

(Figure 3.3A). When the RMS is normalised to the RMS recorded during the MVC 

at control temperature the same effects of temperature exists whereby warming 

decreases the RMS compared to control condition in the young subjects only (Figure 

3.3B). 

There was no significant difference in the MNF between the young and older group 

(Figure 3.4A). There was an effect of temperature (ANOVA: P<0.05), which post 

hoc analysis revealed was in the young subjects only, which, consistent with torque, 

was significantly decreased with cooling compared to control condition (SNK: 

P<0.05), with no change in the MNF following warming (Figure 3.4A). Normalising 

the MNF value does not change the findings of the absolute MNF (Figure 3.4B). For 

both the absolute and the normalised data attention should be drawn to the large 
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variability within both the young and older subjects which may mask any effects of 

temperature, specifically in the older group. 

There was no difference in MFCV between the groups (Figure 3.5A). With respect to 

temperature, the ANOVA showed a significant effect (P<0.05), however, the 

differences were only between the cold and wann conditions. (SNK: P<0.05) with no 

difference between the cold and control conditions or the warm and control 

conditions. There was no interaction between age and temperature, with both groups 

showing the same difference between the cold and warm conditions. Normalising the 

MFCV does not change the findings of the absolute MFCV (Figure 3.5B). Similar to 

the MNF data, large variability was seen specifically within the older subjects for 

both the absolute and normalised data, which may mask firther effects of 

temperature. 

0.6- Youna 

0.5- 

0.4 

E 
0.3 - U) 
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0.1 

0 
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ItI 

0 30 60 90 120 240 0 30 60 90 120 240 
Angular velocity (*Is) 

Figure 3.3A. RMS (mV) of the EMG around the peak torque value (mean ± SE) for the young (left 

side, n--15) and older subjects (right side, n =12) for the cold-*-, control m andwarm-A- 

conditions. RMS is given for angular velocities of 0 (MVC), 30,60,90,120 and 240 clh. * denotes 
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significant differences between warm and control; t denotes significant difference between young and 

older subjects. 

500- Young 
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400- 
350- 
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Angular velocity (01s) 

Figure 3.3B. Nornudised RMS (%) of the EMG around the peak torque value (mean ± SE) for the 

young (left side, n--15) and older subjects (right side, n =12) for the cold-*-, control m andwarm 

A... conditions. RMS is given for angular velocities of 0 (MVC), 30,60,90,120 and 240 *Is. 0 

denotes sigmficant difkTences between warm and control. All values are normalind agamst the EMG 

RMS at MVC during the control temperature condition. 
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Figure 3.4A. NNF (Hz) of the EMG around the peak torque value (mean ± SE) for the young (left 

side, n= 15) and older subjects (right side, n =1 2) for the cold -*--, control -a- and warm A, 

conditions. MNF is given for angular velocities of 0 (MVC), 30,60,90,120 and 240 */s. * denotes 

significant differences between cold and control. 
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Figure 3.4B. Normalised MNF (%) of the EMG around the peak torque value (mean ± SE) for the 

young (left side, n =15) and older subjects (right side, n =12) for die cold -*-, control --a- and warm 

... A --- conditions. MNF is given for angular velocities of 0 (MVC), 30,60,90,120 and 240 O/s. * 
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denotes significant differences between cold and control. All values are normalised, against the EMG 

MNF at MVC during the control temperature condition. 
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Figure 3.5A. hffCV (mls) (mean ± SE) for the young (left side, n =15) and older subjects (right side, 

n =10) for the cold control -m- and warm- A... conditions. MIFCV is given for angular 

velocities of 0 (MVC), 30,60,90,120 and 240 II/s. * denotes significant difference between cold and 

warm trials. 
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Figure 3.513. Nonnalised. WCV (1/6) (nkun: L SE) for the yomg (left side, n -15) wW older sullects 
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(right side, n ý10) for the cold control m and warm A conditions. MFCV is given for 

angular velocities of 0 (MVC), 30,60,90,120 and 240 '/s. * denotes significant difference betýNccn 

cold and warm trials. All values are normalised against the MFCV at MVC' during the control 

temperature condition 

Coactivation 

Coactivation was higher in older subjects than the young during the knee flexion 

(P<0.05) but not during knee extension. Neither cooling nor warming of the knce 

extensors affected the level of coactivation during either maxinlUni kncc extension or 

knee flexion (Figure 3.6). 

60 

50 
0 ör- 40 

30 

20 
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FLEXORS (knee extension) 

, \ý, Sý 
CP 
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co 
Cý EXTENSORS (knee flexion) 

Figure 3.6. Coactivation of the antagonistic muscle for the young (n 15) and older (it 12) SUbjects 

during the knee extension and knee flexion. Coactivation of the biceps temoris during the knee 

extension is expressed as a percentage of the maximal biceps tenioris RMS value while coactivation 

of the vastus lateralis muscle during knee flexion is expressed as a percentage ofthe maximal vastus 

lateralis RMS value, Young coactivation during knee exteiision ff older coactivation during knee 

extension L young contraction during knee flexion 0: older coactivation during knee flexion 
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RFD 

RFD was greater in young compared to older subjects for each time interval 

calculated (ANOVA: P< 0.01). Neither cooling nor wanning had an effect on the 

RFD in either group for any of the time intervals (Figure 3.7). 
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Figure 3.7. Contractile RFD during the MVC (means +- SE) for the young (a n -15) and older (E], n 

= 12) for the cold, control and warm conditions. RFD (A torque/Afinw) wu calculated in timm 

intervals of 0-30,50,100, and 200 ms (Ad=) from the onset of conbactiom * denotes significant 

difference between young and older subjects. 
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DISCUSSION 

The main finding of the present study was the difference in the response of the torque 

output between young and older women following cooling. Wbilst warming of the 

knee extensors had no effect on the torque in either group, the effect of cooling was 

to lower the torque during isokinetic contractions in the young but not older subjects. 

This difference in response between groups was not seen in the WCV as, in both 

groups, the MFCV was slower with cooling compared with wam-dng. 

! Mue. EMG and age 

The lower force level observed during both MVC and isokinetic contractions in the 

older females compared with the young females is consistent with previous findings 

(Bazzucchi et al. 2004, Macaluso, and De Vito 2003, Skelton et al. 1994). The 

reduction in torque is explained by the well documented changes in motor unit 

structure and number seen with increasing age (for review see: Macaluso, and De 

Vito 2004, Roos et al. 1997, Vandervoort 2002). 1n addition to reducing the force 

output, the age related changes in muscle were reflected in the RMS of the EMG. 

Like previously reported data in other studies, RMS was lower in the older subjects 

compared to the young, which is thought to be due to the reduction in the number Of 

motor units in older individuals and to the reduced discharge rate of the firing motor 

units in older individuals (Esposito et al. 1996, Merletti et al. 2002). 

Surprisingly, neither MNF nor MFCV were different between the young 8nd Older 

groups. This is in contrast to previous studies which have reported a lower MNF and 

MFCV with ageing (Bazzucchi et al. 2004, Esposito et al. 1996, yanu& et al. 2002). 
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Interestingly, Esposito et al. (1996) showed reduced MNF in older males but not 

older females when compared to their younger counterparts. A lower MNF and 

MFCV was expected as both reflect the conduction of the action potentials along the 

muscle flbres (Arendt- Nielsen and Mills 1985, Stulen and De Luca 1978) and older 

subjects are known to experience selective atrophy of the fast conducting type II 

fibres (Lexell et al. 1988, Merletti et al. 1992, Thompson 1994). Other studies have, 

however, also reported no difference in the MFCV between young and older 

individuals (Bazzucchi et al. 2004, Merletti et al. 2002). One of the pitfalls of the 

technique used in the present study to record MFCV is that the large motor unit 

action potentials (MUAP) can mask the MUAP of the smaller units. As described by 

Merletti et al. (2002), the MUAPs identified by the surface electrodes may have a 

similar MFCV and their numbers not sufficient to discriminate between the age 

groups. Additionally, young and older muscles have a different distribution of fast 

and slow fibres (Lexell et al. 1983), which compromises the comparison of the 

MFCV when recorded from the surface EMG between young and older subjects. 

The subcutaneous fat layer between the skin and the muscle acts as a low pass filter 

for the EMG signal which greatly affects the amplitude of the surfiwe EMG and to a 

lesser extent the spectral fi-equencies (Basmajian and De Luca 1985, Farina and 

Rainoldi 1999). Older subjects have been previously reported as having higher 

skinfold thickness than young subjects both above the vastus lateralis and the biceps 

femoris muscles (Macaluso et al. 2002). In the present study, however, the skinfold 

thickness of the EMG site was similar for both groups, discarding this as a potential 

reason for the differences in the RMS between the groups (vastus lateralis: 23.3: k 1.0 
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and 22.4 ± 2.1 mm; biceps fernoris: 24.0 ± 1.0 and 25.4 ± 2.1 mm for the young and 

older groups, respectively). Difference in the dryness of the skin between the groups, 

however, cannot be disregarded, as this was not measured in the present study. 

! Mue. EMG and t 

The response of the young subjects to muscle cooling was a reduction in the torque 

during the isokinetic contractions, but not in the MVC. This significant difference 

does not exist, however, when the values are normalised to the control temperature 

MVC, however the trend remains similar. The temperature independence of the 

MVC has been reported previously (Bergh and Ekblom 1979, Binkhorst et al. 1977, 

Stewart et al. 2003, Thornley et al. 2003). A relationship exists between the muscle 

temperature and the rate of the enzymatic processes, including AT? ase activity 

(Birfiny 1967, Gray et al. 2006). This relationship, however, applies only to dynamic 

contractions, as during isometric contractions the rate of AT? hydrolysis is greater 

than necessary (Rall and Woledge 1990). While the MVC is used to measure the 

maximum strength of an individual (Hill 1938), the use of the isokinetic assessment 

is more applicable to fimctional tasks, which are dynamic in nature. It has been 

suggested that that the effect of temperature on muscle force and power output is 

most evident at high velocity contractions (Sargeant 1987), for example during sprint 

cycling (Ball et al. 1999, Davies and Young 1983, Gmy et al. 2006, Sargeant 1987) 

or during vertical jumping (Davies and Young 1983, Fenet et al. 1992, Stewart et 

al. 2003). In the present study, however, the relatively low velocity movements were 

enough to yield a reduction in torque with cooling in the young subjects, which 

supports previous reports which have described a temperature effect on torque at 
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velocities within the range used in the present study (Bergh and Ekblorn 1979, 

Cheung and Sleivert 2004, Comeau et al. 2003). As most movements in a day to day 

enviromnent involve low velocity movernents it was felt that the controlled, 

relatively low velocity contractions perfornied on a dynwnometer were of greater 

relevance for understanding the effects of temperature on movements that will be 

replicated day to day by older individuals. 

Under control conditions, the EMG time and frequency domain analysis is imown to 

provide data on the degree of activation of the motor unit pool (Basmajian and De 

Luca 1985). With respect to the response to altered muscle temperature on the EMG, 

the membrane properties of the muscle fibre are altered, thereby changing the shape 

of the action potentials (Rutkove 2001). This change in the membrane properties may 

mask any effects that a change in activation of the muscle may have on the RMS and 

the MNF, however, cooling has been shown not to affect the discharge frequency of 

the motor units during an MVC (Bigland- Ritchie et al. 1992). As recruitment and 

discharge characteristics of individual motor units were not measured in the present 

study, it was assumed, therefore, that any changes in the RMS and the MNF were the 

result of the changes in the action potential characteristics as a result of temperature 

changes on the membrane. In the young subjects warming reduced the RMS 

amplitude. %ile we cannot explain why cooling affected the torque but not the 

RMS, the reduction in RMS with warming can be explained by the quickening of the 

opening and closing of the ion channels with warming, meaning less ions can enter 

the cell, inducing a smaller action potential amplitude (Rutkove 2001). 
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NIFCV has been shown to have a positive linear relationship with temperature 

(Farina et al. 2005, Gray et al. 2006, Morimoto et al. 1980). While figure 3.4 shows, 

for both groups, a clear trend for the MFCV to decrease with cooling and increase 

with warming, the only significant difference lay between the cold and warm 

condition with neither being different from control condition. This change in MFCV 

reflects the changes in the muscle fibre membrane, with cooling slowing the opening 

and closing of the ion channels and, therefore, the conduction speed of the action 

potential along the muscle fibre. The opposite occurs with warming increasing the 

conduction speed (Rutkove 2001). 

Difference in IMue EtgMnse between yaung and older VWs with coolin 

While both young and older subjects showed no torque changes following warming, 

only young subjects showed a decrease in torque following cooling. Both groups 

displayed the same response to temperature for the NOCV, suggesting that even with 

the deleterious changes in motor unit structure, the muscle fibre membrane in the 

older subjects shows the same modulation response as that of young subjects to 

altered temperature. This was not reflected, however, in the RMS whereby only 

young subjects showed a decrease with warming. One possible explanation for the 

difference in torque response to cooling in the two groups may be that while 

temperature alters the twitch characteristics in the young, this does not happen in the 

older subjects. 
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Coconh-action 

Force output is the net value of the force produced by the agonists minus the 

opposing force produced by the antagonists. The effects of both ageing and 

temperature on the torque production, therefore, depend not only on what happens 

within the agonist but also on changes in the antagonist. In the present study ageing 

was seen to increase the level of coactivation during knee flexion, but not the knee 

extension. An increase in the antagonist activation in older subjects has been shown 

previously (Bazzucchi et al. 2004, lzquierdo et al. 1999b, Klein et al. 2001, Macaluso, 

et al. 2002, Valkeinen et al. 2002) and is thought to be a strategy adopted by older 

individuals to increase joint stiffiess and stabilise motor output (Hortobfigyi and 

DeVita 2006). 

By changing the muscle temperature of the knee extensors, it was hypothesised that 

this may affect the level of coactivation during both knee extension and knee flexion, 

this hypothesis was proved incorrect, however, as neither wanning nor cooling 

affected the level of coactivation during both knee extension and knee flexion in 

either the young or the older subjects. 

RFD 

The RFD is an important measure to assess the ability of an individual to rapidly 

reach peak force, which is of great relevance especially in older individuals. For 

example, an older individual when recovering fiom loss of balance needs to produce 

fad and forceful muscle contractions to prevent falling. The present study used a 

variety of time intervals (0-50 to 0-200 ms) to assess the RFD and found that, 
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regardless of the time interval, young subjects had a greater RFD than the older 

subjects, which is in agremnent to previous studies (Clarkson et al. 198 1, Hakkinen 

et al. 1995, Izuierdo et al. 1999, Thelen et al. 1996, Vandervoort and McComas 

1986). The physiological factors that can affect the RFD include muscle fibre type 

(Harridge et al. 1996), muscle cross sectional area (Aagaard and Thorslensson 2003), 

maximal muscle strength (Schmidtbleicher 1992), visco-elastic properties of the 

muscle-tendon complex (Bojsen-Moller et al. 2005), and neural drive to the muscle 

(Aagaard et al. 2002a). As ageing affects all of these parameters it is not surprising 

that older individuals have a lower RFD. 

With respect to altered temperature, it was hypothesised that cooling would reduce 

the RFD, while wamfing would increase the RFD due to a slowing of both the 

conduction of the neural drive to the muscle and the conduction of the action 

potential along the fibres with cooling, and vice versa with wanning. This hypothesis 

was found not to be the case, however, with neither wanning nor cooling affecting 

the RFD in either young or older subjects. Ile RFD has been shown to increase with 

warming and decrease with cooling in stimulated contractions (De Ruiter and De 

Ham 2000; Ranatunga and Wylie 1983, Ranatunga 1984), however, in support of the 

present results, Ranatunga, et al. (1987) reported that the RFD during a voluntary 

contraction did not show a clear dependence on temperature. Ranatunp et al. (1987) 

speculated that this temperature independence during a voluntary contraction was 

due to a possible change in the motor unit recruitment order following temperature 

manipWation. In other words, instead of the recruitment order being slow to fast 

motor units as described by the size principle (Henneman et al. 1965), cooling, for 
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example, may alter the recruitment sequence, changing it to fast to slow motor units. 

On the other hand, using animal experiments, Rome (1990) demonstrated that 

following cooling the recruitment of the fibre types was similar to that under the 

control temperature, going from slow to fast, however, a more condensed recnjitment 

curve was reported, whereby more muscle fibres and faster fibre types were recruited 

earlier. 

Clinical RMRectives. 

The results of the present study show that, unlike young individuals, the outcome of 

performing a maximal dynamic task is not temperature dependent in older 

individuals. From an applied perspective this is both advantageous and 

disadvantageous to the older individual. Had the older individuals responded 

similarly to the younger subjects in the present study to cooling, whereby peak 

torque is decreased during a dynamic contraction, then this would put an older 

individual, who may struggle to successfigly perform day to day tasks involving 

muscle strength under normal environmental conditions, at risk of being unable to 

achieve the desired outcome of a task due to a further lowering of the torque output 

when in an cold environment. On the other hand, it was expected that young 

individuals would increase the force output with warming, which in the case of the 

present study did not happen, however it was originally hypothesized that should the 

older subjects respond in a similar manner as that expected of the young subjects and 

increased the torque output, then this could be used as a method to increase the 

functional ability of the older subjects. 
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Conclusions 

In response to cooling of the knee extensors, young individuals displayed a reduced 

knee extension torque during isokinetic contractions, whereas older individuals 

demonstrated no change in torque. Wartning had no effect on the torque in either the 

young or the older group. This result suggests that older individuals will not be 

fardier impaired when performing functional tasks requiring high intensity 

contractions in a cold condition than in a normal or warm conditions. 
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CHAPTER4 

Temperature dependence of soleus H reflex and M wave in 

young and older women 

Data presented in this chapter are presented in the following article: 

Dewhurst S, Riches P E, Nimmo M A, De Vito G. Temperature dependence of 

soleus H-reflex and M wave in young and older women, Eur J Appl Physiol. 2005; 

94: 491-499. 

Data from this chapter was presented at the following conference 

The Physiological Society; March 2004, Glasgow, UK. Effects of altered localised 

temperature on spinal reflex excitability in young and older women. 
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ABSTRACT 

The purpose of this study was to investigate the effect of altered local temperature on 

Soleus H reflex and compound muscle action potential (M wave) in young and older 

women. H reflex and M wave responses were elicited in 10 young (22.3 ± 3.3 years) 

and 10 older (72.5 ± 3.2 years) women at 3 muscle temperatures: control (34.2 ± 0.3 

*Q, cold (31.3 :h0.5 *Q and warm (37.1 :L0.2 *Q. H reflex output, expressed as the 

ratio between maximal H reflex and maximal M wave (H. /M. ), was lower in the 

older compared to the young group, regardless of temperature. In control temperature 

conditions, for example, the H. /M. ratio was 36.8: h 24% in the young and 25.4 

20% in the older (P<0.05). Warming had no effect on the H reflex output in either 

group, whilst cooling increased H reflex output only in the younger group (+28 %). 

In both groups, cooling increased (+5.3 'Yo), and warming decreased (-5.5 8/6) the H 

reflex latency. This study confirm that older individuals experience a reduced ability 

to modulate the reflex output in response to a perturbation. In a cold environment, for 

example, the lack of facilitation in the reflex outputý along with a delayed reflex 

response could be critical to an older individual in responding to postural 

perturbations thus potentially compromising both static and dynamic balance. 
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INTRODUCTION 

The ability of the central nervous systern to respond to perturbations through 

modulation of spinal reflex excitability is an important mechanism in controlling 

motor behaviour. In humans, the investigation on spinal circuitry and its reflex 

output has traditionally been conducted through the evaluation of the Hoffinann 

reflex (H reflex). A commonly adopted index of spinal reflex excitability is the H 

reflex output, which is the ratio between maximum H reflex (H. ) and the maximum 

compound muscle action potential (M.. ) (H. 84.. ratio) (Schieppati 1987). 

It is well established that modulation of H reflex output can occur in certain 

physiological conditions. For example, a depression in H reflex output has been 

demonstrated when moving from a supine to a standing position (Capaday and Stein 

1986, Earles et al. 2000, Koccja et al. 1993). However, investigations into this 

response in older individuals have revealed no such modulation (Chalmers and 

Knutzen 2002, Koccja et al. 1995, Mynark and Koccja 2002). Similarly, the 

facilitation of H reflex output in response to upper extremity muscle contraction (e. g. 

Jendrfissik manoeuvre) demonstrated in young subjects is reported to be reduced with 

increasing age (Burke et al. 1996, Tsuniike et al. 2003). This phenomenon has been 

generally attributed to an impaired ability to regulate presynaptic inhibition levels of 

the la afferents (Earles et al. 2001, Stein 1995). 

Other factors that have been found to affect H reflex output in young subjects include 

altered temperature, with most of the focus being on reduced temperature. 1,0calised 

cooling has been shown to facilitate H reflex output as indicated by an increased 

85 



H. /M. ratio (Hopkins and Stencil 2002, Oksa et al. 2000). Although whole body 

wamung has been found to increase H. in cats (Bhattacharya et al. 198 1), little is 

known about the effects of increased local temperature on H reflex output in humans. 

The modulation of the spinal reflex output in response to altered temperature could 

be critical to an older individual who ahrady has impaired motor control. For 

instance, given the importance of lower limb afferent feedback in postural control 

any temperature dependent alteration in the reflex output could affect postural 

stability (Mynark and Koccja 2002). This is particularly important for older women 

who tend to reach levels of neuromuscular function below the thresholds for tasks 

important for an independent life before men (Katz et al. 1983, Skelton et al.. 1994). 

The purpose of the present study was, therefore, to investigate the effects of 

decreased and increased local temperature on the soleus muscle H reflex and M wave 

raponse in young and older women. 
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METHODS 

Subjects 

Ten young (aged 22 ±3 years; body mass 58 ±7 kg; stature 1.63 ± 0.07 m; mean ± 

SD) and 10 older (aged 73 ±3 years; body mass 68 ± 10 kg; stature 1.61 ± 0.07 m; 

meand: SD) female adults gave written informed consent to participate in the study 

after being fully informed about the investigation and the possible related risks and 

discomforts. One young and one older subject failed to-display an H reflex response 

and were excluded from the study. Young subjects were healthy with no known 

neuromuscular disorders. Older subjects were considered medically stable as 

proposed by Greig et al. (1994). All subjects were moderately active participating in 

non-competitive, physical activities no more d= twice a week. Ethical approval for 

the experimental procedures was obtained from the University of Strafficlyde Ethics 

Committee. 

Experimental desigg 

After an initial familiarisation. session, subjects attended the laboratory on a single 

occasion during which all tests were performed. For young subjects testing was 

performed in the follicular phase of the menstrual cycle to control for potential 

hormonal influences. Minimal physical activity was performed and no caffeine or 

alcohol was permitted 24 hours prior to the testing session. Following subject 

preparation subjects performed the control trial first, which was followed by both a 

warm and cold trial administered in a random order. 
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Tanverature measurements 

Muscle and the skin temperatures were measured in the dominant leg. Muscle 

temperature was measured in the vastus lateralis muscle using a flexible temperature 

probe (Ellab Ltd, Copenhagen, Denmark) inserted I cm below the subcutaneous fat 

layer (skinfold thickness x 0.5; since the skinfold corresponds to about twice the 

actual fold thickness) at an angle of 45 "in the direction of the muscle fibers. The 

themiistor was inserted through a flexible cannula (Venflon 18 GA, Becton 

Dickinson, Sweden) and advanced -0.5 cm beyond the end of the cannula into the 

muscle. Previous unpublished data collected in this laboratory, on both young and 

older women, have shown a positive con-elation between intramuscular temperature 

of the vastus lateralis and the soleus using the warming and cooling methods 

anployed in the present study. Figure 4.1 shows, for one subject, the typical intra- 

muscle temperature responses concerning this test. 
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Figure 4.1. Typical intra-muscle temperaftu'es (T. ) recorded simultaneously from the vastus lateralis 

(VL) and the soleus (Sol) muscles in one representative subject The two arrows indicate the moment 

when the cooling and heating bhudwts were removed from the legs. 

Sldn temperature was measured using sidn therinistors (Grants Instruments Ltd, 

Cambridge, UK) fi-om 3 sites: the vastus lateralis (I cm proximal to the insertion 

point of the muscle probe), popliteal fossa (beside the stimulation point on posterior 

tibial nerve) and the soleus (muscle belly) and were secured with tape and covered 

with cotton wool and finther secured with tape. Muscle and sidn temperatures were 

recorded with a Medical Precision Thermometer (DM 852, Ellab Ltd, Copenhagen, 

Denmark) and 1000 series 8-bit squirrel data logger (Type 1002, Grants Instruments 

Ltd., Cambridge, UK), respectively. Core temperature was estimated using an 

infi-ared tympanic thermistor (Braun, type 6013, Germany). 

The subjects rested in the supine position for 30 min at room temperature (=- 26 IIQ 

to achieve steady state temperatures. Temperatures recorded irmnediately after the 30 
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min rest were considered the control temperatures. Following the H reflex 

assessment under the control temperature condition, leg temperature was increased 

using electrically heated blankets or decreased using a specifically made ice blanket 

consisting of large thick plastic sacks filled with crushed ice. In both temperature 

conditions blankets covered the whole of both legs from the gluteal furrow to the 

foot. Warming and cooling proceeded until muscle temperature was increased or 

decreased by approximately 3 *C with respect to the control muscle temperature. The 

duration of the cooling and warming periods was not constant but differed among 

individuals. On average the cooling phase duration ranged between 15 and 20 

minutes and the warming between 35 and 45 minutes. Blankets were removed prior 

to testing to prevent the potential influence that the weight of the blankets could have 

on the level of presynaptic, inhibition via cutaneous afferent input (Wood et al. 1998). 

Surface electromyo ic CEM gMqLhýl _pj recording 

Surface EMG activities of the soleus and the tibialis afiterior (rA) muscles were 

recorded. The skin was prepared by rubbing the designated area with fine sand paper 

before cleansing with an alcohol wipe. Two silver/silver chloride electrodes 

(Medicotest, Blue sensor, type N- I O-A, Cambridge, UK), pre- gelled and self 

adhesive, were placed below the gastrocnemius bifiu=fion on the soleus muscle, and 

on the upper third of the muscle belly for the TA muscle, on the dominant leg. Inter- 

electrode distance was 20 mm. A ground electrode was placed midpoint between the 

knee and recording electrodes. EMG signals were pre amplified (xl 000) (NeurOL09 

remote AC preamplifier NL824, Digitimer Ltd, Hertfordshire, UK) and band-pass 

filtered (NeuroLog filter NL125, Digitimer Ltd, Hertfordshire, UK) and A-D 
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converted (type 1401; Cambridge Electronic Design, Cambridge, UK) at a sampling 

rate of 2000 Hz and stored using commercially available software (Spike2, version 

2.02, Cambridge Electronic Design, Cambridge, UK) for offline analysis. 

H reflex assessment 

Subjects were seated on an isoldnetic dynamometer (Kin-Com, 500H, Chattecx, 

Chattanooga, TN, USA), adjusted so that the dominant leg was flexed 105 " at the 

hip and 120 " at the knee. The right foot was strapped to a footplate so that the angle 

formed between the footplate and the lower leg was 90 ". Foot, ankle, thigh and trunk 

were all secured with straps.. Particular care was taken in maintaining subjects' body 

position and avoiding head movements in order to minimize the potential 

confounding effects of altered presynaptic: or postsynaptic inhibition arising from 

postural changes (Schieppati 1987). Additionally, subjects were asked to remain 

relaxed throughout the duration of the test. 

H reflexes and M waves were evoked in the soleus muscle by electrical stimulation 

of the posterior tibial nerve via a cathode ball electrode (0.5 cm in diameter) pressed 

into the popliteal fossa. The cathode was a specifically made ball ended probe which 

maintains consistent pressure and direction of the stimulus. A five rotational ball 

within a wooden block contained the probe. The block was strapped in place around 

the knee and when the correct position was found the probe was locked in place. Ime 

anode was a 4.5 x 4.5 cm square electrode placed proximal to the patella. T'he stimuli 

were I ms rectangular pulses delivered from a constant current stimulator (DS7A, 

Digitimer Ltd, Hertfordshire, UK). Stimulus intensity was increased by 0.5 mA 

91 



increments until the H. and M. amplitudes were determined. At each intensity, 

five stimuli were delivered with a five second interval between stimuli. From this 

data the maximum amplitude (peak to peak height of the waves) of the H reflex and 

the M wave were identified and the H. /M. ratio calculated. H reflex and motor 

response (M wave) recruitment curves for each subject and for each temperature 

condition were obtained. 

Onset latency of the H. and M. were measured as the time interval between the 

stimulus artefact and the first deflection of the H or the M wave respectively. 

Background EMG of the soleus was monitored from aI second recording prior to 

the stimulation. Additionally, corresponding EMG activity of the TA muscle was 

recorded, and represented as the area of the rectified waveform corresponding to the 

latency of the soleus H.. 

Stafisfical Anal32i: s 

Data are presented as mean ± SE, unless otherwise indicated. To assess the effect of 

age and temperature condition data were analysed using a two-factor (age x 

condition) repeated measures analysis of variance (ANOVA). Where a significant 

effect was observed differences were located with post hoc multiple paired Student's 

Mests adopting a BonferToni correction to the selected alpha level (P<0.05; 0.05/2). 

All statistical tests were performed with the commercially available software (SPSS 

version 12, SPSS Inc Chicago, IL) 
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RESULTS 

Teniverature 

Both warming and cooling significantly decreased and increased muscle temperature 

and skin temperature respectively (Mests: P<0.001), without any differences between 

the two groups (Table 4.1). Despite the changes in muscle and skin temperature, 

tympanic temperature was unchanged with either warming or cooling for both 

groups. 

Cold Control Warm 

TM (OC) y 31.7 ± 0.5* 34.7 ± 0.2 37.3 ± 0.2* 

0 30.9 ± 0.4* 33.7 ± 0.4 36.8 ± 0.2* 

Tsk V-L(OC) y 26.5 ± 1.0* 32.6 ± 0.4 38.0 ± 2.1 * 

0 25.2 ± 1.1 * 31.5 ± 0.5 33.5 ± 2.9* 

T, k P. F. (OQ Y 23.8 ± 1.4* 32.1 ± 0.3 38.1 ± 0.8* 

0 23.8 :60.9* 31.9 0.6 36.6: h 1.0* 

T. k Sol. (*C) Y 20.0 ± 1.4* 31.9 0.4 36.9 ± 2.0* 

0 19.7 ± 2.6* 31.6: L 0.5 36.2 ± 1.4* 

Tt (CC) y 36.8 ± 0.1 36.9 d: 0.7 36.8 ± 1.5 

0 36.3 d: 0.1 36.6 ± 0.1 36.7 ± 0.1 

Data are means ± SE; n --9 in both groups ;* denotes difference from control condition (P<0.025). 

T. ý= muscle temperature, Tk= skin temperature, V. L. = vastus lateralis, P. F. = popliteal faisa, Sol. = 

solew, Te= tympanic temperattut 

Table 4.1. Temperature values for the young (Y) and older (0) groups, during cold, control and warm 

temperature conditions. 

Background EMG 
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EMG activity from soleus prior to the onset of the stimulation was the same for both 

the young and the older groups and did not differ between the temperature 

conditions. As subjects were at rest, this minimal activity is assumed to be noise not 

muscular activity. Similarly, the area of the EMG waveform of the TA for the 

corresponding duration of the H. was the same for both groups and was unchanged 

between the temperature conditions. 

H.,, and Mmill 

Figure 4.2 shows the EMG tram recorded from the soleus muscle during the H. 

elicitation in two representative subjects one young and one older. 

AB 

----conW I mv .... control 
I mv cooled 

L 
-warmed 

............. ................ 

ms 

control 
cooled 

C 
,I 

Figure 4.2. EMG recorded from the soleus muscle during the H. elicitation. Data are from one 

young and one older subject, whose data best represent the group data. Young subject (A) control 

condition vs. cold condition; (B) control condition vs. warm condition. Older subject: (C) control 

condition vs. cold condition; (D) control condition vs. warm condition. 
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The amplitude of the H. was higher in young than older individuals (ANOVA: 

P<0.01; Figure 4.3A) regardless of temperature condition, with older displaying a 50 

% lower mean H. than young in the control condition. The M. amplitude was not 

statistically different for the young and older group, regardless of temperature, 

despite the amplitude being about 20-30 % lower in the older subjects compared to 

the young group across the 3 temperature conditions (Figure 43B). 

In the young group Hn= decreased with warming (19 %, Mests: P<0.0 1; Figure 

4.3A) and increased with cooling (28 %; t-tests: P<0.01) when compared to control 

condition, whereas in the older subjects H. was the same for all temperature 

conditions (Figure 4.3A) despite an apparent decrease in H. with warming, 

compared to both control and cooling, which was found to be non significant. 

Temperature had a similar effect on M. in both groups (Figure 4.3B). When 

compared to the control condition, warming decreased Mm. by 12 % (Mests: 

P<0.01), while cooling increased M. by 15 % (t-tests: P<0.01). 
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Figure 4.3. Maximum H (A) and M (B) wave amplitudes measured in the young (m, n-9) and older 

(0, n--9) groups in cold, control, and warm temperature conditions. t denotes significant difference 

(main effect) between young and older. * denotes significant difference from dk control condition. 

Data am presented as means ± SE. 
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H0 

An example of the difference in the H reflex/ M wave recruitment curves between 

the groups and with temperature are given below (Figure 4.4). Note the difference in 

the amplitude of the M wave at H. being lower in the young subjects compared the 

older subjects. This is also reflected in the EMG trace in figure 4.2 above. 
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Figure 4AA, B, C, D, E, F. A representative H reflex /M wave recruitriment curve fiom one young and 

one older subjects, the curves are presented as a percentage of M.. H reflex is presented by the black 

line and M wave represented by the grey line. A; young subject, cold condition; B: young subject, 

control condition; C: young subjects, wam condition; D: older subject, cold condition; E: older 

subject control condition; F: older subject, wam condition. 

97 

10 20 30 40 al 
Sflnwkn hftwAv (WO 

0 10 20 30 40 oc 
Sfimukw h hmmky (m4k) 

10 20 30 40 50 
sow"m a damft (Mik) 

20 30 40 so 
mm" ,, -1 Owo 

20 30 40 so 
Sftukn kdonsky (n%A) 

20 30 40 so 
admuka h hm ONI ("94 



The lower amplitude of the H. in the older group compared to the young group and 

the maintained amplitude of the M. was reflected in a lower H. /M. ratio in the 

older compared to the young group (ANOVA: P<0.01; Figure 4.5). 

The H. /M. ratio did not vary with wanning in either age group. With cooling, 

however, H. /M,,. ratio was increased in the young subjects (28 %, Mests : P<0.01; 

Figure 4.5), but not in the older subjects. These differences are highlighted in figure 

4.6 where the spread of the individual changes of the H. /M. ratio with cooling 

and warming are displayed. 
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Figure 4.5. H. /M. ratio for the young (m, n=9) and older (0, n=9) groups in cold4 control, and 

wann conditions. f denotes significant difference (inain effect) between young and older. * denotes 

significant difference fix)m the control condition. Data are presented as mom ± SE. 
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Figure 4.6. Individual absolute changes (compared to control condition) in H. /M. ratio with 

cooling and warming. Cold/control condition young (o), cold/control condition older (o), 

warm/control condition young (A), warm/control condition older (A). 

LatMcy of Hm x and Mx resiDonse. 

In control conditions, the older subjects had a longer H.. onset latency dm the 

young group (ANOVA: P<0.01, Figure 4.7A). In contrast M. onset latency was the 

swne for both groups (Figure 4.7B). 

Temperature had a similar effect on H. onset latency in both the young and older 

group (Figure 4.7A). Compared to control conditionsý cooling increased (Mcsts: 

P<0.01) the H. onset latency by 1.61 ± 0.6 ms, while wanning decreased (Mests: 
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P<0.01) onset latency by 1.51 ± 0.5 ms, respectively. M. onset latency in young 

subjects was increased with cooling Q-tests: P<0.01), while warming had no effect in 

this group. By contrast, when compared to the control condition, the M. onset 

latency of the older group was decreased with warming Q-tests: P<0.01), with 

cooling having no effect. 
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Figure 4.7. Maximum H (A) and M (B) wave onset latencies for young (m, n -9) and older (E3, n -9) 

subjects in cold, control, and warm temperature conditions. t denotes significant difference (main 

effect) between young and older groups. * denotes significant difference from the control condition. 

Data are presented as means+ SE. 
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DISCUSSION 

The main finding of the present study was the difference in the modulation response 

of H reflex output between the young and older females with cooling. Whilst 

localised warming had no effect on spinal reflex excitability in either group, the 

effect of cooling was to facilitate H reflex output in the young but not the older 

group. Furthermore, in both groups, warming shortened and cooling delayed the 

onset latency. 

H reflex, M wave and a 

The reduced H reflex output observed in the older women suggests a reduced 

efficiency of the la afferent and (x- motoneuron synapse. This is consistent with 

previous findings (Kido et al. 2004, Koceja et al. 1995, Mynark and Koceja 2002, 

Scaglioni et al. 2002) but in contradiction with others (Kawashima, et al. 2004) who 

did not report any difference in the H reflex output between young and older 

individuals. In the present study, the lower H. /M. ratio observed in older subjects 

is mainly a consequence of the lower H. exhibited by older in comparison to young 

subjects. The lower H. in the older group may be explained by the structural 

changes seen in both the sensory and motor nerves with aging. Several age-related 

changes in the la afferent fibers and the a- motoneurons have been reported, with 

degeneration of the myelin sheath being the most noteworthy (Adinolfi et al. 1991, 

Lascelles and Thomas 1966). Demyelination not only reduces the diameter of the 

axon, but increases the area of the axon membrane in contact with the extracellular 

matrix, reducing the integrity of the axonal hwwnission. Mile these changes occur 

at a slower rate in the a- motoneuron axons than in the la afferent (Lee and Oh 
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1994), a decrease in M. would nevertheless be expected as a result not only of the 

demyelination of the motoneurons, but also of the well documented changes in the 

motor unit structure and munber shown with increasing age (Macaluso, and De Vito 

2004, Vandervoort 2002). In addition to the structund changes that contribute to the 

lower H reflex output in older individuals, a higher level of tonic presynaptic 

inhibition has been previously demonstrated in this population, reducing the 

transmission of the signal across the synapse (Koceja and Mynark 2000, Morita et al. 

1995). 

An increased neural homogeneity between the sensory and motor nerves has been 

speculated by Scaglioni et al. (2003). It is suggested that a decrease in the diameter 

of the sensory fibres shown by Ochoa and Mair (1969) and Rao and Kffi*e (1983) 

consequently increases the similarity between the excitability threshold of the 

afferent and efferent axons. This homogeneity can be seen in Figure 4.4 with the 

amplitude of the M wave at H. and the amplitude of the H. being similar in the 

older subjects. 

H reflex modulation with cool 

The mechanism responsible for the facilitation of H reflex output with cooling 

exhibited in the young subjects is not fully understood. First described by Hodgidn 

and Katz (1949), a change in temperature alters the opening and closing time of the 

Ne voltage-gated channels along the nerve axon. This finding can be extrapolated to 

the muscle fibre membrane whereby cooling slows down the depolarization time, 

consequently allowing more Ne to enter the cell hence increasing the depolarization 
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amplitude, while warming has the opposite effect (Rutkove 2001). In young subjects, 

it is speculated that this phenomenon could explain the increased M. with cooling 

and decreased M. with warming. Similarly, this could be responsible for the trend 

of an increased H. with cooling and a decreased H. with warming. However, the 

H. /M. ratio normalizes the effect on the H. to that on the M., suggesting that 

H. was increased not only as a consequence of increased depolarization duration 

but also to a change in H reflex output. 

One possible mechanism for the facilitated H reflex output with cooling is the 

increase in afferent discharge of the sensory endings of muscle spindles (Lippold et 

al. 1960, Michalski and S6guin 1975). Studies on relaxed muscle of the cat have 

demonstrated that while there was no response to cooling in the la primary endings, 

discharge frequency of the secondary afterents was increased producing autogenic as 

well as synergistic facilitation of motoneuronal excitability (Chapman et al. 1979, 

Michalski and S6guin 1975). Similarly, little. or no Golgi tendon organ activity was 

demonstrated in the cooled muscle (Michalski and S6guin 1975). This could indicate 

that the facilitation of the motoneuronal excitability observed with cooling by 

Chapman et al. (1979) was to be ascribed mainly to the muscle spindle secondary 

endings. 

An additional mechanism, to explain the increased excitability level with cooling, is 

represented by the potential role of the cutaneous thermoreceptors on the facilitation 

of the reflex. Should the thermoreceptors play a part in the modulation of spinal 

reflex excitability, this may partially explain the difference in modulation response 
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between warming and cooling observed in the present study. Wbile muscle 

temperature was increased and decreased to the same degree with warming and 

cooling (-= 3 "C), skin temperature was decreased to a greater extent than was 

increased (Table 4.1). In the present study, mean sIdn temperature of the soleus 

dropped below 20 *C in the young subjects with cooling which would potentially 

trigger a nociceptor response. Nociceptors respond to noxious low temperatures (<20 

"C) (Campero et al. 1996) and data from both animal and human experiments reveal 

a convergence of nociceptive inputs onto spinal reflex pathways via common spinal 

interneurons (Ellrich and Treede 1998, Steffens and Schomburg 1993). 

Consistent background EMG levels of the soleus, recorded prior to stimulation, 

indicate that a shivering response was not evoked with cooling. A shivering 

response, increasing motoneuronal pool activation levels of the soleus, would have 

the potential to increase excitability levels through presynaptic: facilitation (Burke et 

al. 1989, Earles et al. 2001, Schieppati 1987). Similarly, the consistent level of EMG 

activity of the antagonistic TA in all of the trials, discards the possible contributions 

of altered levels of reciprocal inhibition from the TA. 

Difference in modulation LeWonse between ykung and older grM 

While both the young and older group showed no H reflex modulation response to 

warming, only the younger subjects showed modulation with cooling. This 

difference in response between young and older individuals is consistent with 

previous studies investigating the response of older individuals to varying 

perturbations including changing body position (Koceja et al. 1995), responding to 
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unstable environments (Earles et al. 2000) as well as the response to the Jendrfissik 

maneuver (Burke et al. 1996, Tsuruike et al. 2003), muscle vibration (Burke et Ia. 

1996), and to volitional contzmctions (Earles et al. 2001). A general consensus is that 

a reduced ability of the older individuals to modulate presynaptic inhibition levels 

may be the mediating mechanism for the difference in H reflex output response 

between the groups. However, the authors of the aforementioned studies do concede 

that the role of postsynaptic mechanisms cannot be ruled out. 

One alternative explanation to explain the different response observed in the two 

groups could be related to the actual age-related differences in the size of the H 

reflex. It has been, in fact, previously shown (Crone et al. 1990) that the 

susceptibility of the H reflex itself to increase or decrease during a conditioning 

stimulation of the motoneuronal pool varies with the size of the unconditioned reflex. 

In addition to changes occurring at spinal level with increasing age, changes at the 

periphery could explam the difference in modulation response between the groups. 

Structural changes, a decrease in the discharge fi-equency and a reduction in the 

number of muscle spindles have been dernonshmted with increasing age (hfiwa et al. 

1995, Swash and Fox 1972). If, as previously mentionedý autogenic excitation from 

the cooled muscle spindles contribute to the facilitation of the H reflex output in the 

younger group, the age-related degenerative changes in the muscle spindles may be 

responsible for the lack of modulation observed in older individuals. 

H. and M.,.,, onset I 

106 



A longer H. onset latency was demonstrated in the older compared to the younger 

group. This is in agreement to previous studies (Kido, et al. 2004, Sabbahi and 

Sedgwick 1982, Scaglioni et al. 2002). Nerve conduction velocity has been shown to 

decrease by over 20 % with increasing age in both sensory and motor nerves as a 

consequence of degeneration of the axon properties (Boxer et al. 1988, Chase et al. 

1985). Furthermore, changes in the delay time at the la afferent- 4x- motoneuron 

junction or at the neuromuscular junction in older individuals could increase the 

onset latency (Sabbahi and Sedgwick 1982). It is likely however, that a combination 

of the above mechanisms will be responsible for the difference in the reflex onset 

latency between the groups. 

Both warming and cooling induced a significant change in the H. onset latency in 

both the young and the older group. As described previously the changes in the Ne 

voltage gated channel function affect the conduction of the depolarization. (Rutkove 

2001). A similar effect on the M. onset latency would have been expected, 

however due to the short distance between the stimulation site and the recording site 

it is possible that any quickening or slowing of the conduction velocity widi warming 

or coolmg would have been very discrete and would be masked by any slight 

inaccuracy in the measurement of the onset latency. 

Prior to temperature manipulation, older subjects presented slower reflex onset 

latencies than young participants. This is functionally important as the onset latency 

of the stretch reflex response has been shown to correlate with postural sway 

parameters (Nardone et al. 1995). An additional, slowing of the H. reflex response 
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with cooling could ftuther impair the ability to maintain uptight stance putting the 

older individual at risk of loss of balance especially under conditions in which 

subjects have to correct rapid perturbations of the body (Mald and McIlroy 1996, 

Nardone and Schieppati 2004). 

Conclusions 

In response to localised cooling, young individuals displayed a facilitated H reflex 

output, as indicated by an increased H... /M. ratio, whereas older individuals 

demonstrated no such modulation response. Warming had no effect on H reflex 

output in either the young or the older group. In a cold environment, the lack of 

facilitation in the reflex output, along with a finther delay to an already impaired 

reflex response could be critical to an older individual in responding to a potentially 

hazardous stimulus such as to a loss of balance or simply maintaining a standing 

posture. 
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CHAPTER 5 

Moderate alterations in lower limbs muscle temperature do 

not affect postural stability during quiet standing In both 

young and older women 

Data presented in this chapter are presented in the following article: 

Dewhurst S, Riches PE, De Vito G. Moderate alterations in lower limbs muscle 

ternperature do not affect postural stability duzing quiet standing in both young and 

older women. J Electromyogr Kinesiol. 2007; 94: 491-499. 

Data from this chapter was presented at the following conference: 

International Society for Ageing and Physical Activity, August 2004, Ontario, 

Canada. The effects of altered localised tempemtmv on spinal reflex excitability and 

postural sway in young and older women. 
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ABSTRACT 

Older adults demonstrate increased amounts of postural sway, which may ultimately 

lead to falls. Ternperature is known to have a profound effect on the perfonnance of 

the neuromuscular system which could have important implications on motor 

control. It is, therefore, of interest to investigate if the age-related decline in postural 

stability could be affected by changes in local lirnb temperature. The present study 

investigated the effects of localised warming and cooling on postural sway in nine 

young (22 :h3 years; mean ± SD) and nine older (73 ±3 years) women. Postural 

sway was assessed, using a force platform, during quiet standing at 3 muscle 

temperature conditions: control (34.2 ± 0.2 *Q, cold (31.3 ± 0.3 *Q and warm (37.0 

± 0.1 'C). Two stances were evaluated, the Romberg (large support base) and 

modified Tandem (narrow support base), under both eyes-open and eyes-closed 

conditions. Root mean square (RMS), mean velocity (MV), sway area (SA) and 

mean power fi-equency (MPF) were calculated fi-om the centre of pressure (COP) 

displacement. Neither warming nor cooling significantly affected any of the postural 

parameters which were, however, all higher (P<0.05) in the older group than the 

young group in all conditions. This study demonstrated that, in quiet standing 

conditions, a moderate variation (-+3*C) in lower linibs temperature does not affect 

postural steadiness in either young or older women. 
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INTRODUCTION 

Detection and response to sway during standing is vital to the maintenance of 

successfUl postural control. Signals firom the vestibular, visual and proprioceptive 

sensory systems are integrated to provide the nervous system with the information 

necessary in achieving this task (Horak and Macpherson 1996). A known 

consequence of aging is represented by deleterious changes to the structure and 

function of the proprioceptive system, which contribute to the increased postural 

instability and consequently an increased risk of falls in the older population (Maid 

and Mcllroy 1996, Stelmach and Worringham 1985). lndcedý correlations have been 

reported between the stretch reflex onset latency and postural sway in adults of 

increasing age, with a slower onset latency resulting in a greater postural sway 

(Nardone et al. 1995). 

In light of these age-related alterations in the mechanisms which maintain postural 

control it is also of interest to consider external factors which could potentially 

contribute to alter postural stability (Maki and McIlvoy 1996). Temperature is known 

to have a profound effect on the neuromuscular system (Hodgidn and Katz 1949, 

Rome 1990); a linear relationship is known to exist between the conduction velocity 

of a nerve and its local temperature (for review see: Rutkove 2001). Further, the 

previous investigation has demonstrated a lengthening of the reflex onset latency 

with cooling and a shortening of the onset latency with warming in both older and 

young individuals (chapter 4). Older subjects, however, exhibit slower onset latency 

than young even in normal temperature conditions. Iberefore, a fixther delay 

112 
JJL, -II. ý 



induced by cooling could have critical effect on the ability to successfidly maintain 

postural steadiness in an older population. 

The aim of the present study was, therefore, to investigate the effects of decreased 

and increased local temperature on the postural stability in young and older women. 

The study was conducted on women since, with advanced age, they exhibit higher 

rate of falls and related injuries than men (Schultz at al. 1997). It has been also 

shown in a prospective study that in the winter period the observed increase in the 

rate of falls in the older population was observed in women but not in men 

(Cwnpbell et al. 1988). 
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METHODS 

Partipi 
. 2ants 

Nine young [aged 22 ±3 years; body mass 59 ±3 kg; stature 1.64 ± 0.08 m) and nine 

older [73 ±3 years; body mass 68 ± 11 kg; stature 1.61 ± 0.07 m) women gave 

written consent to participate in the study after being fidly informed about the 

investigation and the possible related risks and discomforts. Young subjects were 

healthy with no known neuromuscular disorders. Older subjects were considered 

medically stable as proposed by Greig et al. (1994). All subjects were moderately 

active participating in non-competitive, physical activities no more than twice a 

week. Ethical approval for the experimental procedures was obtained from the local 

Univarsity Ethics Committee. 

EMvdmental desi 

After an initial familiarisation session, subjects attended the laboratory on a single 

occasion during which all tests were performed. Nfinimal physical activity was 

performed and no caffeine or alcohol was permitted 24 hours prior to the testing 

session. Following subject preparation subjects performed the control trial first, 

which was followed by both a warming and cooling trial administered in a 

counterbalanced fashion. 

T smpýturemeasurments 

Muscle and the sidn temperatures were measured fi-om the dominant 1% muscle 

temperature was continually measured from. the vastus lateralis muscle using a 

flexible temperature probe (Ellab Ltd, Copenhagen, Denmark) inserted I On below 
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the subcutaneous fat layer at an angle of 45 * in the direction of the muscle fibres. 

The theimistor was insexted through a flexible cannula (Venflon 18 GA, Becton 

Dickinson, Sweden) and advanced --0.5 cm beyond the end of the cannula into the 

muscle. Skin temperature was measured using Skin thermistors (Grants Instruments 

Ltd, Cambridge, UK) from two sites, the vastus lateralis (close to the muscle probe) 

and the soleus (muscle belly). Muscle and sidn , were recorded ftom 

Medical Precision Thermometer (DM 852, Ellab Ltd, Copenhagen, Denmark) and 

1000 series 8-bit squirrel data logger (Type 1002, Grants Insuments Ltd., 

Cambridge, UK), respectively. Core temperature was estimated using an infiared 

tympanic thern istor (Braun, type 6013, Germany). 

The subjects rested in the supine position for 30 min at room tanperature (-= 26 IIQ 

to achieve steady state - Temperatures recorded immediately after the 30 

min rest were considered the control . Following the balance 

performance assessment under the control temperature condition, temperature of the 

lqp was increased using electrically heated blankets or decreased using a specifically 

made ice blanket consisting of large thick plastic sacks filled with crushed ice. In 

both temperature conditions blankets covered the whole of both lop from the gluteal 

furrow to the foot. Warming and cooling proceeded until muscle temperature was 

increased or decreased by approximately 3 *C with respect to the control muscle 

temperature. Muscle temperature was monitored throughout the trial to ensure the 

desired value was maintained. Blankets were removed during each trial but were 

applied again during the rest period between trials. 
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Data Muisition and anal3jiýs 

Balance performance was assessed during quiet standing in two positions, one with 

a large support base (the Romberg position) and the other with a narrow support base 

(modified Tandem position) (figure 5.1). For each trial subjects stood barefoot, 

centrally aligned on the force plate. The Romberg position involved the subject 

standing feet together with their arms lying along legs, whilst in the modified 

Tandem position the subjects took a small step back with their dominant foot so the 

feet were aligned heel to toes but not directly behind one another, again with the 

arms lying along legs. Subjects kept the position for 35 seconds, although the initial 

5 seconds were not included in the subsequent analysis. Trials for both stance 

positions were performed under two visual conditions, eyes open and eyes closed 

administered in a randomized order. Each trial was repeated three times, with two 

minutes rest between trials. During the open-eyes trials subjects had to focus on a 

visual target placed two meters in front of the subjects at eye level, spectacles were 

wom if required. Data were obtained using a piezo-electric force platform (Kistler 

9261 A, Winterhur, Switzerland) adopting a sampling fi-equency of 1 OOHz. Data from 

the force platform were amplified (Kistler, charge ampUfler, 9865B), A/D converted 

before being transferred to a PC. Data were low-pass filtered using a 4th order 

Butterworth filter with a 5Hz cut-off fivquency. Subsequently, the following centre 

of pressure (COP) based parameters were calculated using matlab software: root 

mean square (RMS), which is the value of the resultant distance in the time series 

and is related to stability achieved by the postural system, and mean velocity (MV) 

which is the average velocity of the COP using the total excursion and is related to 

the amount of regulatory activity; as representative of the time domain measures, 
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sway area (SA) as representative of a time domain hybrid measure (Prieto et al. 

1996), SA estimated the area enclosed by the COP path per unit of time, and mean 

power frequency (MPF), for the frequency domain measure which is the mean value 

of the power spectral density (Schmid et al. 2002) (fidl equations used are given 

below). For each of the parameters the Romberg Quotient (RQ) and Tandem 

Quotient (rQ) were calculated to assess the importance of vision on the COP 

parameter, which was calculated as the ratio of the eyes closed value to the eyes open 

value. 

Posturographic parameters: deftitions of the measures: T= duration the observation, 

f-- frequency, P(f)-- power density spe*ctrwn, COPr-- resultant COP, COPnfl= COP in 

medio-lateral direction, COPap= COP in the anterior-posterior direction. 

IT 
RMS= -; fF 

ýjCOPR(Qdt 

I] '*COPAP(t) 

0 
Mmn Velocity-- 

T '+(OCOPML(t) 
dt 
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CopML(t)-aCopML . Sway Area= 

T 
COPAP(t)) /2 t 

0 at ot 

F. /2 
ff 
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Mean Power Frequency= Ft2 
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Figure 1. Foot positions on the force platform for the Romberg position (A) and Tandem position (13). 

Statistical analysis 

To assess the effect of age and temperature condition and the eftlects vision, data 

were analysed using a three-way repeated measures analysis of variance (ANOVA) 

(age x temperature condition x eye condition) for both tile Romberg and Tandem 

stance. Where a significant effect was observed differences were located with post 

hoc multiple paired Student's t-tests adopting a Bonferroni correction to the selected 

alpha level (P<0.05; P<0.05/3). 

118 



RESULTS 

leinRerature 

Warming and cooling significantly decreased and increased T. and Tk (VL and Sol) 

in both groups (Mests: P<0.001), with no difference between the 2 groups. Tympanic 

temperature was unchanged with either warming or cooling for both groups (Table 

5.1, mean of all subjects). 

Cold Control Warm 

TM (1, C) y 31.8 +-0.4* 34.8± 0.2 37.3: k 0.1* 

0 30.9: t 0.4* 33.8: k 0.3 36.7: k 0.1 * 

Tsk V-I-(C>c) Y 26.6 ± 1.0* 32.6 ± 0.3 34.5: k Ih* 

0 25.2 ± 1.1 * 31.6: k 0.5 34.0: k 2.7* 

Tak PT. (*Q Y 23.8: h 1.2* 32.0: k 0.3 37.0: E 1.7* 

0 23.8: k 0.9* 32.0: k 0.5 36.8: k 0.9* 

T. k Sol. (*C) Y 19.6 d: 1.3* 31.7: k 0.4 36.9: k 1.9* 

0 19.7: b 2.5* 31.8 * 0.5 36.5: E 1.3* 

Tt (OC) y 36.7: b 0.2 36.8 :k0.1 36.8: b 0.1 

0 36.3 10.1 36.6 ± 0.1 36.6± 0.1 

Data are mem: k SE; n -10 in both groups; * denOta diffavnce fiom control condition ". 025). Tr 

muscle temperaWre, Te= skin temperature, V. L. = vastus lateralis, P. F. - poplited fossa, Sol. - solaus, 
Ti- Vmpanic temperature. 

Table 5.1. Temperature values for the young (Y) and older (0) groups, during cold4 control and warm 

temperature conditions. 

EO-rce: plate data 

Figure 5.2 gives an example of trace of the centre of pressure for one young and one 

older subject. As expected for both the Romberg and Tandem assessments there was 
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a significant effect of age on the postural parameters, with RMS, MV, SA and MIT 

being significantly greater in the older group compared to the young (ANOVA: 

P<0.05; Figure 5-3A, B, C, D and 5.4A, B, C, D). 

10 

5 

0 
0- 

-5 

-10 
-10 0 10 

ML (mm) 

Figure 5.2. Centre of pressure trace for a young (grey trace) and older subject (black tracc) f'Or the 

control temperature Romberg trial with eyes open. AP: anterior- posterior direction, NI I.: niedial- 

lateral position. 

Neither cooling nor warming affected RMS. MV, SA and MPF in either ofthe 

postural assessments in both the young and older groups (Figure 5.3A, B, C, D and 

5.4A, B, C, D). 

Both groups showed a significantly greater RMS, MV and SA valucs with cye-,, ý 

closed in both the Romberg and Tandem trials compared to eyes open (ANOVA: 

P<0.05). The MPF was greater in the eyes closed trial (luring the Romberg 
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assessment (Mests: P<0.05), whereas in the Tandern trial MPF was the sanic f'or both 

the eyes open and eyes closed condition (Figure 5.3A, B, C, D and 5AA, B, C, D). 

Two older subjects were not able to complete the test in the Tandem closed eyes 

condition. 
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Figure 5.3. Posturography parameters during the Romberg assessment: RNIS (A). SA (11), NIV (C), 

MPF (D) for the cold, control and warni trials. Both young and older groups are shown t'()r the eyes 

open condition and eyes closed condition. Young, eyes open (n 9): older, eyes closcd I (n 9), 

young, eyes closed (n=9); older eyes closed I (11 9). * denotes significant difflerence bemeen the 

young and older groups (P<0.05). Data are presented as mean A- SE. 
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Figure 5.4. Posturography parameters during the modified Tandem assessment: RNIS (A), SA (11). 

MV (C), MIT (D) for the cold, control and warin trials. Both young and older groups are shoý% n f'or 

the eyes open condition and eyes closed condition. Young, eyes open 01 9): older, eyes closc, l 

(n- 9); young, eyes closed (n=9); older eyes closed I (n 7). * denotes , i, -, nificant difference 

between the young and older groups (P<0.05). Data are presented as nican -SF. 
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The ratio between the eyes open and closing trials (Figure 5.5A, B, C. D mid 5.6A, 

B, C, D), was not affected by temperature in either stance for any of the postural 

parameters. Similarly, the ratios were not different in the two age groups I'or both 

stances and the RMS, SA and MPF parameters. The only parameter which dif10-cd 

was the ratio for the MV, which in the Romberg stance was greatcr in tile older _group 

compared to the young group (ANOVA: P<0.05). 
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Figure 5.5. Romberg Quotient (RQ) (eyes clow& eyes open): RMS (A), SA (B), MV (C), MPF (D) 

for the cold, control and warm trials. Young 11 (w=9); older I (n-9). 0 denotes significant difference 

between the young and older groups (P<0.05). Data are presented a mean * SE. 
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Figure 5.6. Tandem Quotient (TQ) (eyes closed/ eyes open): RMS (A), SA (B), MV (C), MIPF (D) for 

the cold, control and warm trials. Young 11 (n=9); older j (n-7). Data are presented as mean * SE. 
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DISCUSSION 

The main finding of the present study was that neither warming nor cooling affected 

postural stability, measured during quiet stance, in either the young or the older 

group with an increase or decrease in muscle temperature of ±3 *C. 

Under everyday circumstances upper limb muscle temperature can vary by some 10 

*C (Mucke and Heuer 1989). Concerning the lower limbs, for an inactive older 

individual with a smaller lower limb muscle num than a young individual a 

temperature variation of 6 *C, as obtained in the present study, would be expected to 

be within the temperature range potentially experienced by this population. This 

study highlights the importance of the use of muscle temperature when monitoring 

temperature of the lower limbs. Table 5.1 demonstrates that cooling has a much 

greater effect on the sidn temperature, when compared to the muscle temperature, 

whereas with warnung the difference between the sIdn and muscle tempamture was 

negligible, with this difference between the temperature conditions being ascribed to 

the methods employed. 

Falling is considered one of the most serious problems 6cing an older individual and 

static postural stability is known to be a reliable predicator of falls in this age group 

(Maki et al. 1994). On the base of the present study results, it appears that with cold 

lower limbs an older person is at no greater risk of falling than compared with 

normal temperature. Although the Romberg assessment would be considered a 

relatively unchallenging assessment of postural stability, it was mnprising to find that 

during the modified Tandem assessment, a somewhat more demanding evaluation, 
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postural sway was not affected by the change in temperature. Indeed, this test was 

shown to challenge the limits of the older individuals postural control, as 2 of the 9 

older subjects were unable to complete the test with their eyes closed. Not measured 

in the present study, however, were the effects of altered temperature on disturbed 

stance. Dynamic posturography has been shown, in fact, to be more sensitive than 

static posturography in detecting the effect of aging on postural stability (Baloh et al. 

1994, Camicioli et al. 1997) hence it may also be more sensitive to detecting the 

effect of altered temperature on postural stability. 

Since a change in temperature of :k3 "C, as used in the present study, has been 

shown to have a marked effect on the short latency reflex system in both young and 

older adults (chapter 4) it was hypothesized that cooling could have a detrimental 

effect on balance especially in older subjects. Recent investigations have, however, 

demonstrated that neither patients with hyperexcitabily of the Ia mediated nerves or 

severe group la afferent nerve lesions have impaired postural control (Nardone, et al. 

1997, Nardone et al. 2000) challenging the belief that loss or damage to the Ia 

afferent fibres are responsible for the instability seen in individuals with peripheral 

neuropathies (Quintern et al. 1999, Weiss and White 1986). This suggests that Group 

I fibre performance, while crucial for detecting fast postural disturbances, is not as 

critical for quiet postural stance whereby the smaller Group 11 fibres may play a 

greater role in maintaining static stability. On the other hand, temperature is known 

to affect the conduction velocity of the smaller diameter Group 11 fibers to a greater 

extent than the larger Group I fibers (Paintal 1965, Matdiews 1989). As a 

temperature dependency of the onset latency of the H reflex circuit evoked from the 
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Group la afferent has been seen with the temperature manipulation methods 

employed in the present study (chapter 4), it would be reasonable to assume a similar 

if not greater effect of temperature on the Group II afferent fibers which transfer 

information from the long latency pathways of the stretch reflex (Matthews 1985, 

1989). In addition to effects of temperature on the onset of the reflex, temperature is 

Imown to affect the properties of the motor unit twitch, with cooling decreasing the 

twitch force and wanning increasing the twitch force (Davies et al. 1982, Farina et al. 

2005). Tbis, however, was not measured in the present study but could potentially 

affect the reflex output as a smaller twitch force may not provide enough correction, 

whereas the larger force may cause too great a correction. One of the consequences 

of ageing is an increase in the twitch. force (Galgansid ot al. 1993) this may be one of 

the reasons for the increased postural sway in this group. Another possible reason for 

the increased postural sway in the older group may be due to the decreased strength 

of the postural control muscles with ageing (Onambele et al. 2006). While this was 

not measured in the present study, a relationship has been shown between muscle 

strength and postund control in healthy older adults (Onambele et al. 2006, Off et al. 

2006). 

Postural stability is the combination of the three sensory systems (visual, vestibular 

and proprioceptive) and when one of the systems is impaired, to maintain equivalent 

postural control, there must be compensation by an increased contribution fiom the 

remaining components (Doman et al. 1978). This was considered in the present study 

with the assessment of stability under both eyes open and eyes closed visual 

conditions. In both age groups, however, there were no changes in the RQ in any of 
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the postural parameters with either warming or cooling, signifying that a shift in the 

reliance of the visual system was not the source of the maintained postural stability. 

Not surprisingly, the younger group displayed better postural control than the older 

group, irrespective of temperature condition. It was expected that the older subjects 

would show a greater reliance on vision dm young subjects to compensate for the 

well documented deleterious effects of aging on the proprioceptive system (Choy et 

al. 2003, Prieto et al. 1996), but this was not observed in the present study for most 

of the parameters with exception of the RQ for the MV which was greater in the 

older subjects than the young subjects. In both groups the MV was higher with vision 

removed, but this increase was significantly greater in the older subjects, implying 

that vision has a greater role in limiting the amount of postuml corrections necessary 

for successful stability in the older group than the young group. 

Conclusion 

In conclusion, this study has demonstrated that during quiet standing, a moderate 

alteration in leg temperature does not affect postural stability in either younger or 

older healthy women. Further studies are necessary, however, to a"= the effects 

temperature has on perturbed/ dynamic postural stability, which could be more 

functionally relevant. 
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CHAPTER 6 

Muscle Temperature Has a Different Effect on Force 

Fluctuations in Young and Older Women 

Data presented in this chapter are presented in the following article: 

Dewhurst S, Graven-Nielsen T, De Vito 0, Farina D. Muscle Temperature Has a 

Different Effect on Force Fluctuations in Young and Older Womcm Clin 

Nemphysiol. 2007; 118: 762-769 

Data fi-orn this chapter was presented at the following conference: 

IntematiOnal Society of Electromyography and Kinesiology-, June 2006, Twin, Italy. 

Effect of altered local temperature on force steadiness in young and older women. 
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ABSTRACT 

This study investigated the effect of muscle temperature on force fluctuations during 

isometric contractions in young and older females. Fifteen young (23.6 ±3 years; 

mean ±SD) and II older (68.6 ± 5.7 years) subjects performed 3x 30-s long 

sulxnaximal isometric ankle dorsi-flexions (5,10,15% of the maximal force). 

Tibialis anterior muscle temperature was monitored with an intramuscular probe and 

manipulated to obtain a cold, control, and warm condition. The coefficient of 

variation (CofV) and the relative power in the fiequency bands 0-3 Hz (low), 4-6 Hz 

(middle), and 8-12 Hz (high) of the force signal were computed to characterise 

steadiness. Intramuscular EMG signals were recorded from the tibialis anterior 

muscle to assess motor unit discharge pattern. CofV was higher in the older than in 

the young subjects (P < 0.001) in all conditions. In the older group only, CofV 

increased with cooling with reqxDct to control temperature (P < 0.001), whereas in 

the young group only, relative power of force fluctuations at high frequency 

decreased with cooling. Motor unit discharge rate and inter-piulse interval variability 

were not different between groups and across . IMe findings indicate a 

different effect of temperature in the ability to maintain constant force in young and 

older subjects. These results highlight the risk of fiwther impairment to the motor 

control of older individuals with varying temperature. 
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INTRODUCTION 

During a steady muscle contraction, the force output fluctuates around the target 

value. The mnount of fluctuations is affected by factors such as age, temperature and 

force (Christou et al. 2002, LaIde et al. 1994, Tracy and Enoka 2002). Motor unit 

properties and the stretch reflex loop contribute to the fluctuations in force output in 

low-force isometric contractions. The contractile and control properties of the active 

motor units determine the degree of fusion of the force twitches (Christakos 1982; 

Moritz et al. 2005). Additionally, during isometric contraction, the muscle spindle 

has been reported to respond to small force fluctufions, consequentlY fadlitafing the 

activation of motor units (Lippold 1970). 

Different neural mechanisms cause force fluctuations at distinct frequency bands. 

Allurn et al. (1978) have associated the low fiequency component of the fluctuations 

(5 3 Hz) with the net activity of the motor neuronal pool, including changes in the 

discharge rate and number of active motor units. T'he long and short latency stretch 

reflex contribute to oscillations at fiequencies -7 Hz and -10 Hz, respectively 

(Marsden 1978). 

In older individuals the force fluctuations are larger dun in young subjeM 

(Bazzucchi et al. 2004, Tracy and Enoka 2002, Vaillancourt and Nowell, 2003) due 

to mechanisms not yet fidly clarified. Variability in motor unit discharge rate has 

been identified as a critical fitetor in isometric force fluctuations (Moritz ot al. 2005). 

With respect to agmg, variability in motor unit discharge rate has been shown to 

increase in some studies (Laidlaw et al. 2000), although this observation was not 
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confmned in all reports (GalgansId et al. 1993, Vaillancourt et al. 2003). The 

amplitude of twitch force of motor units recruited at submaximal force increases with 

ageing (Galganski et al. 1993) but simulation studies revealed that this has negligible 

effects on force fluctuations (Taylor et al. 2002). The stretch reflex response is also 

altered with ageing. This includes a slowing of the reflex onset latency, caused by a 

decrease in the h-ansmission efficiency of the signal, as well a reduction in sensitivity 

and number of spindles (Adinolfi et al. 1991, Henderson et al. 1980, Swash and Fox 

1972). The contribution of a slower stretch reflex loop to the increase in force 

fluctuations in the older individual is, however, not known. 

Temperature is an external factor that has been shown to affect the unount of force 

fluctuations in both healthy and diseased subjects. Everyday variations in limb 

muscle temperature have been reported to be -10 *C (Mucke and Heuer 1989). 

However, studies on the effect of temperature on force fluctuations reported 

conflicting findings. hnprovement in fine manual dexterity tasks and reduction in 

force fluctuation follow arm cooling in healthy young adults, multiple sclerosis 

patients and essential tremor patients (Feys et al. 2005, lAkie et al. 1994), however 

opposite results have been also reported (Havenith et al. 1995, Cheung et al. 2003). 

Temperature alters the muscle fiber membrane and contractile properties. Motor unit 

twitch duration increases and peak tension decreases with decreasing temperature, 

affecting the fusion of the tetanic output (Davies et al. 1982, Ranatunp et al. 1987). 

Temperature also alters the reflex response latency measured from electrical 

stimulation of the reflex loop as reported in chapter 4 and alters spindle sensitivity in 

cats (Fischer and Schifer 1999). 
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There are no studies that investigated the contribution of temperature to the impaired 

motor control mechanisms of the older individual during fine motor tasks. The 

purpose of the study was, therefore, to investigate the effects of altered muscle 

temperature on force steadiness in low-force isometric contraction of the dorsi- 

flexors in young and older women. 
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METHODS 

Subjects 

Fifteen young (mean ± SD; age 23.6 ± 3.4 years, stature 1.64 ± 0.08 m, mass 58.0 

8.6 kg) and 11 older (age 68.6 ± 5.7 years, stature 1.63 ± 0.04 m, mass 70.2 ± 18.2 

kg) women volunteered to participate in the study. All subjects were healthy with no 

known neuromuscular disorders. Older subjects were medically stable according to 

Greig et al. (1994). All subjects were moderately active, participating in recreational 

physical activity no more than twice a week. All experimental tests were performed 

in the morning. The procedures were approved by the local ethics committee. 

Written informed consent was obtained from all subjects. 

EMG recordino 

Intramuscular EMG was recorded from the tibialis anterior muscle of the dominant 

leg. Electrodes were inserted 5 mm above the motor point of the muscle. The motor 

point was located using the methods described in chapter 2 using a 16 channel 

surface EMG array. After cleaning the sidn with an alcohol wipe, 2 staile Teflon 

coated stainless steel wire electrodes (A-M Systems, Carlsberg, WA, USA) were 

inserted at the muscle belly, -5 mm into the muscle using a 25-G needle. 

Approximately I mm of the wire insulation was removed at the tip to detect the 

intramuscular signals. The needle was removed leaving dw wires in the muscle. 

Signals were recorded in monopolar mode, with respect to reference self-aftsive 

surface electrodes placed on the sidn over the tibia, with one recording from Cach 

wire. Signals were amplified (counterpoint electromyography, Dantec medical, 
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Skovlunde, Denmark), band-pass filtered (500 Hz- 5 kHz), sampled at 10000 Hz, and 

stored after 12 bit A/D conversion. 

Teraverature recordingg 

Muscle temperature was recorded from the muscle belly of the tibialis anterior 

muscle of the dominant leg, lateral to the EMG wire insertion point with a flexible 

intramuscular temperature probe (Ellab Ltd, Copenhagen, Denmark). The probe was 

inserted -10 nun into the muscle at a 45* angle in the direction of the muscle fibres. 

Moreover, skin temperature was recorded next to the muscle temperature probe using 

a skin thermistor (Ellab Ltd, Copenhagen, Denmark). The temperature from both 

thermistors was continuously recorded with a Medical Prevision Ibermometer (DM 

852, Ellab Ltd, Copenhagen, Denmark). Covered ice packs were used to cool the 

muscle by -4 *C degrees ftom the control temperature and a heat lamp was used to 

warm the muscle by -4 *C degrees ftx)m the control temperature. Both the ice pack 

and the heat lamp covered the entire length of the tibialis anterior muscle. Muscle 

temperature was continuously monitored ensuring consistent ah during 

each contraction. 

Ejsýý RLDcedures 

Subjects were in a seated position with the foot of the dominant leg attached to a 

footplate with ankle angle set at 90" and knot angle at 120*. IMe fbot was secured 

into the footplate using a metal brace and a foot mould. This allowed for isometric 

dorsi-flexion of the foot. The signal from a load cell was amplified in the bandwidth 
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0-100 Hz (force amplifier, Aalborg University, Aalborg, Denmark) and sampled at 

10000 Hz. 

Following placement of the sensors and electrodes, subjects performed 3x5s 

maximal isometric contractions (MVC) of the dorsi-flexors with 3 min rest in 

between under control temperature condition only. MVC was not measured at the 

other temperatures in order to prevent movement of the intramuscular EMG 

electrodes between conditions. Previous studies, including results fiom chapter 3, 

have reported no change in MVC with increased (Stewart at al. 2003,11ornley et al. 

2003) or decreased (Thornley et al. 2003) muscle temperature. Verbal 

encouragement to exert maximal force was given to all subjects. The maximum 

torque obtained firom the 3 trials was used to define relative submaximal forces. 

Force fluctuations were assessed during submaximal contmetions at the three muscle 

temperatures. The control temperature was followed by cooling and warming in 

randomized order. Tbree 30 s long contractions at 5,10, and 15 % MVC, sepanded 

by 3 min rest, were performed at each temperature. Ile Und force output was 

displayed on a PC monitor located 1m in front of the subject with die gain adjusted 

to view +10% of the target force value on a 20 (xn high display. Subjects were 

requested to match the actual force output as closely as possible to the target force 

for the full duration of the trial. Increasing or decreasing temperature took 

approximately 30 min allowing a full recovery between test conditions. 
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Data anal3aiýs 

Data were analysed off line with Matlab (rhe MathWorks, Natick, MA). Each 

exh-acted variable was computed over Is signal epochs and averaged over 5s in 

order to obtain six values during the 30 s contractions. After checldng for the absence 

of any trend in time (see Results), the six values were also averaged. The coefficient 

of variation (CofV) of the force fluctuations was calculated as the ratio between 

standard deviation and mean force in each Is epoch and expressed in percentage. 

Since the energy of the force fluctuations signal is distributed in a fiequency 

bandwidth smaller than 12 Hz for isometric contraction at forces <20% MVC 

(Vaillancourt and Newell 2003), fi-equency analysis of the force signal was 

performed using Fast Fourier Transform (P( "-(0) and split into &M sub- bands: 

0-3 Hz (low frequency band), 4-6 Hz (middle fi-equency band), and 8-12 Hz (high 

frequency band) (Kouzaki et al. 2004). After removal of the mean value, the power 

spectrum was estimated from the force signal with the periodograrn estimator (an 

example of the power spectrum is given in figure 6.1 below) and the relative power 

in the three bands was computed as the percent ratio between the integral of the 

power spectrum in each band and the integral of the power spectrum between 0- 12 

Hz. 'Fhe penodogram was computed from the same epochs used for CofV, with 

rectangular window and no window overlapping. 
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I 
Figure 6.1. Power spectrum of the force signal for a young subject perfinning a 10%MVC contraction 

during the control temperature condition. 

The intramuscular EMG signals were decomposed using a technique based on a 

segmentation phase by an amplitude threshold and a classification based on temporal 

template matching. An example of this matching is given below in figure 6.2 

whereby similar motor units are shown to be superimposed. This algorithm has been 

previously described by Farina et al. (2002a). For each subject and each force level, 

one motor unit which could be clearly identified for the three , at the 

same force level, was selected for statistical analysis. This led to three motor units 

analysed per subject. Discharge rate and inter-pWse interval variability were 

computed from the estimated times of occurrence of the action potentials. Inter-pulse 

interval variability was computed as the ratio between standard deviation of the inter- 

pulse interval and mean inter-pulse interval and expressed in percentage. 

144 

Fmpency (Hz) 



Motor unit #2 

s 

-0 
EL 

S 0.5 
(L) 

-0 

-0.5 
Time (ms) 

Figure 6.2. An example of the identification of single motorunits, decomposed using a classitication 

based on temporal template matching. 

Statistical analysis 

Data were analysed with three-way mixed model ANOVA (age x temperature x 

force level). In addition, two-way (age x time) ANOVA was pert`6rnicd to exclude 

the presence of changes over time in the analysed variables. An alpha level ot'O. 05 

was used for all statistical comparisons and post-hoc comparisons (Studcnt-Ncwinan- 

Keuls (SNK)) were perfon-ned when the ANOVA was significant. This analysis was 

repeated for CofV and each of the frequency bands as Nvell as for muscle mid skm 

temperature. For the discharge rate and inter-pulse interval variability ofthc scIcctcd 

motor units, a two-way mixed model ANOVA (age x temperature) was perf'6rincd 

for each force level due to different n-iotor units bcIng analysed at cach t'Orce Ic%, cI. 

Differences in the MVC between the groups were analysed using a Student's t-tcst. 

Data are given as mean ± standard error (SE) unless otherwise indicated. 
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RESULTS 

All subjects were able to maintain the target force levels for the required 30 4 in all 

conditions. There was no effect of time on any of the variables and conditions when 

the contraction was split into 5s epochs, thus data were averaged over 30 s for the 

following analysis. 

Temperature 

Mean muscle temperature for the duration of each condition decreased after sidn 

cooling by 4.3 ± 0.3 *C and 3.8 ± 0.7 *C (different with respect to control 

temperature, SNK: P<0.001) and increased with sidn warming by 3.9 ± 0.3 *C and 

4.0: h 0.4 *C (different with respect to control temperature, SNK: P<0.001) for the 

young and older subjects, respectively. Skin temperature decreased by 6.1 ± 0.6 IIC 

and 7.8 ± 0.8 'C (SNK: P<0.001) with cooling and increased by 7.5 ± 0.8 *C and 

6.9 ± 0.9 OC (SNK: P<0.001) with wanning for the younger and older subjects, 

respectively. There was no difference in either muscle or sidn temperature between 

the young and older groups and no interaction between age and temperature, (Table 

6.1). 
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Cold Control Warm 

TM (1, C) Young 29.5 ± 0.4* 33.2+-0.2 37.4 ± 0.2* 

Older 30.4 ± 0.7* 34.3 ± 0.4 38.2 ± 0.1 * 

Tsk CC) Young 22.9 ± 0.9* 28.6 ± 0.6 36.1 ± 1.0* 

Older 20.7 ± 2.1 * 29.2 ± 0.6 36.8 ± 1.3* 

Data are means ± SE; n= 15 young, II older. Tj= muscle temperature, T4= Sidn temperature. 

*Condition significantly different from control condition (Student- Newman-Keuls; P<0.001). 

Table 6.1. Mean muscle and sIdn temperature for the young and older subojects during the cold, control 

and warm conditions (mean temperature for the duration of each condition). 

MvC 

MVC for the young subjects (182.7 :h8.6 N) was greater compared to the older 

subjects (63.5 ± 3.6 N) (t-test: P<0.0001). 

Coefficient of variation of force fluchmdana 

A representative example of the force fluctuation at 15% MVC for both the YOUNI 

and older subjects at under cold, control and warm tempetature conditions is given in 

figure 6.3. It should be noted that the recording started after the subject reached the 

target force level (approx 3 seconds). The figures display the target force line with: k 

20% of this value to allow comparison between the recordings due to the differing 

absolute target forces. 
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Fig 6.3. Example of force fluctuation recorded during the 15% rimminul vohnitary contraction (MVP 
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CoW of force depended on the group (ANOVA: P<0.001), with the older group 

showing higher CofV than the younger subjects (Figures 6.4). In addition, there was 

a significant interaction between age and temperatme. (ANOVA: P< 0.00 1). For the 

younger subjects, CofV did not vary with tanporature, whereas for the older subjects 

CofV was higher in the cooling condition compared to control and warm (SNK: P< 

0.001). 
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Figure 6.4. Coefficient of variation (CofV) (mean: k SE) of force fixicundo= as a fimction of 

temperature (cold, control, and wam) for the young (-c3-) and ibe older group (-w-) (A: 5% MVC, B: 

10% MVC, C: 15% MVC). * denotes significantly dffenM from control and wam (P < 0.0 1). 

denotes significantly different with reqmt to older groW (P < 0.01). 
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There was a significant interaction between contraction force level and age 

(ANOVA: P<0.001). Force did not affect CofV in the younger subjects whereas 

CoW decreased with increasing force in the older group (SNK: P<0.05). 

FMquency analy§is of force fluctuations 

The percent of power in the low fi-equency band depended only on tanperature 

(ANOVA: P<0.001; Figure 6.5A). Cooling increased and warming decreased the 

power at low frequencies compared to the control condition (SNK: P<0.01) (Figure 

6.5A). The relative power in the middle fivquency band depended on temperature 

(ANOVA: P<0.001), decreasing with cooling (SNK: P<0.05) and increasing with 

warming compared to control (SNK: P<0.05) (Figure 6.5B). T'he power in the high 

fi-equency band was larger in the young compared to the older subjects (ANOVA: P 

< 0.01). The high-frequency band was affected by temperature only in the younger 

group, where cooling decreased the relative power fiom 2.8: k 0.4 % to 1.9 ± 0.1 % 

compared to control (SNK: P<0.05), while warming increased relative power to 3.9 

ý: 0.4 % (SNK: P<0.001). In contrast, the older subjects showed no effect of 

temperature on the high fivquency band (Figure 6.5Q. 
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Figure 6.5. Frequency analysis of force fluctuations. RClatiVe Power (mean * SE) in the low fiequencY 

(A), middle frequency (B), and high frequency (C) bond as a finiction of temperature (00144 control, 

and warm) for the young (-a-) and the older group (-E-). Data presented we the mean of all 

contraction intensities * denotes significantly different hom all odxw tupperature conditions (P < 

0.05) (A and B both young and older group; C young group only). t denotes significantly different 

with respect to older group (P < 0.05). 

ILe characteristics Motor unit disqhar 

Discharge rate of the selected motor units (mean over the three atures and the 

two groups: 5% MVC: 9.7 + 0.3 pps; 10% MVC: 10.3: k 0.3 pps; 15% MVC: 10.6: k 

0.2 pulses per second) and inter-pulse interval variability (5% MVC: 22.7: k 1.3 %; 

10% MVC: 23.5 -h 1.3; 15% MVC: 26.2 ± 1.0 0/6) were not afficted by either age or 

temperature. 
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DISCUSSION 

Young and older women performed a low-force isometric confiaction under cooled, 

control, and warmed muscle temperature conditions. The two groups responded 

differently to cooling, with the older individuals increasing the force fluctuations and 

the younger subjects showing no change. Frequency analysis of the force fluctuations 

also revealed different responses of the two groups, with no sensitivity of the high- 

frequency band to temperature in the older, as opposed to the young subjects. 

Coefficient of variation of force and #jLe 

CofV of force output was higher in the older group in comparison to young subjects, 

in agreement with previous studies which analysed different muscles. A two-fbld 

increase in the variation of force fluctuations in the older group was previously 

observed when the finger abductors were considered (Galmonsid et al. 1993, Laidlaw 

et al. 2000, Vaillancourt et al. 2003). In the present study the increase was almost 4- 

fold at 5% MVC and was reduced to approximately Mold at 10 and 15% MVC 

under control conditions. The larger difference between groups compared to previous 

studies may be attributed to the different muscles analysed as the effects of ageing on 

neuromuscular control are more apparent in the lower limbs (Froutera, et al. 1991, 

Lynch et al. 1999). The tibialis anterior is an important postural muscle, thus the 

greater variability in force in the older compared to young subjects may partly 

explain tile reduced postural stability of older individuals (Mald and McIlroy 1996, 

Prieto et al. 1996). The difference, between the groups varied with the force level. 

The difference was greatest at 5% MVC and lowest at 15% MVC, in agreement with 
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previous results (Galganski et al. 1993, Tracy and Enoka 2002, Vaillancourt et al. 

2003). 

Coefficient of variation of fbrce and 

Temperature affected the degree of force fluctuations difibmtly in the two groups. 

Differential response to cooling has been previously observed between patient 

groups. Cooper et al. (2000) reported that patients with essential tremor benefited 

from cooling, whereas Parkinson disease patients benefited ftom warming when 

completing manual dexterity tests. In the present study, te variability of fbrce 

fluctuations of the young subjects was not affected by either warming or cooling. 

This finding adds to the lack of consensus regarding the effects of cooling on fine 

motor control in healthy young subjects, as previous findings are conflicting (LaIde 

et al. 1994, Havenith et al. 1995, Cheung et al. 2003, Feys et al. 2005). Ilese, studies 

present, however, methodological differences that make comparison of findings 

difficult. All of than considered only the cooling of foram and hand reporting only 

skin and not muscle temperatum In addition, both males and females were included 

in previous studies with no comparisons between the gendas. Ito praent study, for 

the first time, studied the effects of on force fluctuations of the lower 

limb, monitoring both muscle and skin temperature in fimales. In these conditions, 

warming had no effect on the degree of force fluctuations in eitha group. 7be 

increase in force fluctuations with cooling in the older subjects reflects a dimini 

ability with ageing to maintain successful fine control of the lower limbs following a 

change in the external environment. Moreover, fiem a fivotional and clinical 

perspective the result suggest that for successfid pet fimniance of hub requiring fine 
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motor control, it is important that older individuals live in a warm environment 

preventing a below normal muscle temperature. 

Motor unit disgharge ftem and force fluctuations R@L--- 

The low frequency band of the force fluctuations sipW reflects the contribution from 

motor unit discharge properties (Allmn et al. 1978, Marsden 1978). Young and older 

individuals had similar low frequency content, suggesting that the statistical 

properties of motor unit discharge patterns were, similar in the two groups. Direct 

analysis of single motor unit activities confmed this conclusion. Both the discharge 

rate and inter-pulse interval variability were the same for the two groupsý in 

agreement with previous results (Galganski at al. 1993, Roos et al. 1997, 

Vaillancourt et al. 2003). This indicates that the mechanisms determining the 

discharge characteristics of the motor units were preserved in the older individuals 

performing low-force isometric contractions. It had however to be noted that only 

one motor unit per contraction force was analysed in this study. This was due to 

difficulties in detecting more than one motor unit at all The sample of 

analysed motor unit was thus rather small and this may have masked diflerences 

between groups and 

Remodelling of the motor unit pool is a known c' M 11 - *ns of ageing, This 

phenomenon includes a decrease in the total number of motor unitsý a shift in the 

fibre type ratio, with older individuals showing a higher type I to type H ratio and an 

augmented innervation ratio of the slow twitch fibres (Brown 1972, Larsson et al., 

1978, Kanda and Hashizume 1989). Although not measured in this study, it is 
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unlikely that changes in muscle fibre contractile properties were responsible for 

differential responses between groups and with cooling in the older group. Although 

both age (Galganski et al. 1993) and temperature (Davies et al. 1982, Farina et al. 

2005) have been shown to affect the amplitude of motor unit twitch fiNM computer 

simulations revealed that motor unit twitch tension has negligible effed on force 

fluctuations (Taylor et al. 2002). This is supported by the observation that a sftmgth 

traming program may decrease force fluctuations, in older individuals while having 

no effect on low-threshold motor unit twitch torque wnplitude (Kew at al. 1994). In 

addition, cooling decreases twitch torque and increases its duration (Davies et al. 

1982) which should reduce rather than increase force fluctuations, contrary to the 

observafions in the older group. 

Stretch reflex loog and florce fluctuations 

Force fluctuations are influenced by the peripheral feedback loop. Ile long and short 

latency stretch reflex are thought to be responsible for the middle (4-6 Hz) and high 

(8-12 Hz) fi-equency bands of force fluctuations (Mumien 1978). Both age and 

temperature are known to affect the delay of the shvtch reflex loop. In dw present 

study, the relative power in the middle frequency band increased with increasing 

tunperature in both groups. Ite relative power in the high fiecluency band, however, 

was larger in the young compared to the older subjects with decreased (increased) 

power with cooling (warming). 

Older individuals have a slower reflex response than their younger counterparts, as 

measured fiom. the H reflex (Chapter 4, Kido et al. 2004). This factor, in addition to a 
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decreased number of muscle spindles (Swash and Fox 1972) and decreased 

sensitivity of the spindles (Corden and Lippold 1996), could explain the lower power 

in the high frequency band in older subjects compared to the young. The reflex loop 

is also temperature sensitive, with a quickening of the reflex onset with increasing 

temperature described in chapter 4. This is in agreement with the increase in the high 

frequency power with increasing temperature in the young group. However, 

temperature did not affect the power in the high fivquency band in the older subjects, 

suggesting that the reflex loop in the older group is not as sensitive to temperature as 

that of the young group. The lack of sensitivity of the reflex loop to temperature may 

alter the timing of the feedback. It has been speculated that younger individuals have 

the ability to desynchronise the central reflex mechanism preventing synchronisation 

of reflex and cortical oscillations (Baker et al. 2003). It is possible that ageing 

reduces this mechanism with a reduced adaptation of the reflex loop to changed 

muscle condition, e. g., induced by temperature. This explanation can not be fidly 

proven from the results of the present study. However, these results suggest a 

different response of the stretch reflex loop to temperature in the two groups which 

may underline partial lack of adaptation of the system to changed muscle conditions 

with ageing. This finding is supported by the results of chapter 4, whereby younger 

subjects modulated the excitability of the stretch reflex loop following cooling, as 

seen through an increase in the spinal reflex excitability, meawred by the H. /M. 

ratio of the H reflex, while older individuals were seen to be to have a less adaptable 

spinal reflex excitability with a consistent level of excitability irrespective of muscle 

temperature. Finally, the role of the Golgi tendon organs (GTOs) should also be 

considered for interpreting the present results. 'Me GTOs appear to be sensitive to all 
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degrees of change in muscle tension including changes generated by just I or 2 

single muscle fibres (Reinldng et al. 1975). Therefore, autogenic inhibition and 

possibly excitation would be expected in response to force fluctuations during 

isometric contraction. 

Conclusion 

Young and older individuals responded differently to changes in muscle temperature 

when performing a low-force isometric contraction. Cooling increased force 

fluctuations in the older but not in the young subjects. Temperature has thus a 

different impact in fine motor control in young and older subjects. 
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The aim of this thesis was to investigate the effects of temperature, both localised 

cooling and wamfing, on neuromuscular control in young and older individuals. To 

this end, the main findings concerned the differing response to cooling, but not 

warming, between young and older participants during maximal isoldnefic 

contractions, fine motor control and spinal reflex excitability response. 

The first study (chapter 3) investigated the effects of cooling and warming on 

maximal isometric and isokinetic muscle contractions. As expect4 neither cooling 

nor warming affected the torque output during the isometric task. However, torque 

produced during an isokinefic task was reduced following cooling in the young 

subjects only. Warming had no eflect on the isokinetic torque output in either group. 

Muscle fibre conduction velocity (INOCV) was higher in die warm condition 

compared to the cold condition in both groups, suggesting that the muscle fibre 

membrane responds similarly in the conduction of the action potential following 

temperature change iffespwfive of age. 

The second study (chapter 4) looked at the effect of cooling and warming on the 

spinal reflex excitability, measured as the H. /M. ratio. Cooling increased this 

ratio in the young subjects only, with older subjects showing no such modulation. 

Warmmg had no effect on the ratio in either group. Tbe ref lex onset latency was 

increased with cooling and decreased with wi in both groups, supporting the 

finding from study I (Chapter 3) which suggested that the conduction of the action 

potential along the muscle fibres is affected similarly by temperature in both groups. 
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In this study, in fact, it appears that the conduction of the action potential along the 

nerve is affected similarly by temperature in both groups. 

The third study (chapter 5) followed on from the findings of the second study 

(chapter 4). It was hypothesised that the slowing of a reflex response with cooling 

and a quickening following wamiing would affect the precision of response of the 

propnoceptive system when performing a balance task, as detection and response to 

sway during standing are vital to the of successfid postural control. The 

results of the study, however, found that postural sway was not affected by either 

cooling or warming of the legs in either the young or the older group. 

The final study (chapter 6) looked at the effects of warming and cooling on fine 

motor control. Subjects were asked to perform low level contractions (5/ 10/ 15 % 

maximal voluntary contraction (MVQ) as precisely as possibly. The force 

fluctuation during the contraction was unaffected by temperature, either cooling or 

warming, in the young subjects. In the older subject% however, following cooling the 

force fluctuation was increased. When the power spectrum of the fluctuation was 

analysed it was found that the young subjects, but not the older subjects, decreased 

the amount of power in the high fi-equency band (8-12 Hz) following cooling, which 

was thought to represent an increase in the short latency stretch reflex (Marsden 

1978). In the discussion of study 4 (chapter 6), it was speculated that young subjects 

were able to maintain a consistent lewl of force fluchiation following cooling by 

reducing the amount of stretch reflex activity. This fits with the findings of study 2 

(chapter 4), as the results of study 2 showed that young subjects had the ability to 
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modulate spinal reflex excitation levels following cooling, whereas older subjects did 

not show such adaptability. However, this conflicts with the speculation in the 

discussion of study 2, which made the case that the increase in the spinal reflex 

excitability was due to an increase in muscle spindle discharge in the secondary 

afferent of the muscle spindle as proposed by Chapman at al. (1979), and Nfichalski 

and S6guin (1975). 

The increase in the force fluctuation during fine motor control following cooling of 

the tibialis anterior muscle in older subjects would be expecW to influence the 

postural control of the older group, since balance is about fine responses to small 

fluctuations; however, as seen in study 3 (chapter 5), this did not transpire. 

Localised cooling and warming, as opposed to whole body cooling and warming, 

was used in the present studies. It is aelmowledged that a change in environmental 

conditions, such as the temperature of a room, may affect the whole body as opposed 

to just the limbs, however, it was felt that as the present study was looking at the 

neuromuscular response of temperature, by specifically changing the temperature of 

the limb or muscle group only, this would eliminate the concurrent responses that a 

change in body temperature would bring, such as a change in whole body blood flow 

and patient discomfort. It was also important to maintain a consistent core 

temperature during the cooling experiments in order to prevent a shivering response. 

An infrared tympanic thermometer was used to monitor changes in core temperature. 

This temperature is only an estimate of core temperature; however, this was chosen 

for the present studies since the more amme nw&ods of meammg either recW or 
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oesophageal temperature are invasive and uncomfortable, especially taking into 

consideration the duration of the experiments and the comfort of the older 

participants. One of the biggest criticisms of infiwW tympanic thermometer is that it 

is affected by environmental temperature (Hansen et al. 1996). With respect to the 

present studies, however, this was not an issue as room temperature was kept 

constant. Additionally, previous data fi-om our laboratory have shown a linear 

relationship between the temperature measured with an infimed tympanic 

thermometer and the rectal temperature (Stewart at al. 2003). 

Future studies using whole body wamung and cooling would provide interesting 

practical information on the performwee parameters studied m the present thesis, 

such as fine and gross motor control. On the. other end, these, would not enable the 

identification of the mechanisins responsible for any potential outoome changes. 

In the first study presented in the thesis (chapter 3), maximal strengdi was measured 

during voluntary contnictions. This may be criticised. by some who 

have shown, by twitch interpolation techniques, that older adults were not able to 

maximally activate a muscle or muscle group, thus 1 Ai 11 i'm - the measure of 

maximal muscle strength (Harridge et al. 1999b, Yue et al. 1999, Bilodeau et al. 

2001a). In contrast, other investigators have F--n that a 

stimulus added little or nothing to the voluntary fince: produced by older individuals 

(Connelly et al. 1999, De Serres and Enoka, 1998, JAW and Rice 2002, Kent-Braun 

and Ng 1999, Phillips et al. 1992, Roos et al. 1999, Scaglioni at al. 2002). Jakobi and 

Rice (2002) suggest that the possibility of umating the "real" 
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should be discounted if at least one session of familiarisation is practised (Jakobi and 

Rice 2002). This was strictly adhered to with all subjects being fully familiarised 

with all tasks 5-7 days prior to the experimental session. 

In the first study (chapter 3), MVC was, as expected, unaltered by cooling and 

wamfing even in the older subjects. There is no indication, therefore, fium these 

finding of a change in the ability to maximally activate the muscle group under 

different muscle temperature conditions. 

It has been suggested that temperature affects the velocity component of voluntary 

muscle contractions to a greater extent than the force component, as the amount of 

tension per cross bridge remains the same at different -- -- and that it is the 

population shift in the number of cross bridges that gives rise to the temperature 

effect on force output (Coupland et al. 2001, Wang and Kawai 2001, Zhw and 

Kawai 1994). The second study showed that totque was reduced following cooling 

during the dynamic contractions suggesting a leftward shift in the force. velocity 

curve described by Hill (1938). This is in agreement to the remAs of Sargeant 

(1987), who reported ajeftward shift in the curve during higher velocity contractions 

following cooling. Relatively low velocity isokinatic coahvedons were used in study 

I (chapter 3) as opposed to high velocity contractions, which have bow desmibed as 

being more temperature sensitive (Sargeant at al. 1987). Although movements of day 

to day living occur at low velocity, however, they are not isoldnefic. Isotonic 

contractions are more realistic representations of the day to day tasim whom 

individuals have to work against resistance and overcome speed (Harridge at al. 



1999a). Isokinetic conhuctions were chosen as opposed to isotonic conftactions, 

despite the Biodex dynamometer having an isotonic; option, since the movement is 

not truly isotonic as the force is not constant throughout the entire range of motion, 

thus making comparisons difficult. However, should this problem be solved, it would 

be of interest to replicate the first study using isotonic movements, where each 

individual would be asked to carry out their movements at the optimal combination 

of load and speed. A mechanical cycle ergometer where a constant load is set would 

be an example of how this could be done with very high velocity contractions, such 

as the methods previously described by Gray, et al. (2006). As high velocity 

contractions have been shown to be more temperature sensitive (Sargeant 1987), this 

protocol may be more sensitive to the effects of temperature on maximal muscle 

performance of the older individuals, although this would be of little relevance to 

motor control during day to day tasks. 

The surface EMG, utilised in the first study (chapter 3), is used as a method of 

estimating changes in the recruitment pattern (Basmajian and De Luca 1985) and has 

been suggested as a method of estimating muscle fibre type proportions (Gerdle et al. 

1991, Kupa et al. 1995, Moritani et al. 1985, Wreding et al. 1987, Farina et al. 2004, 

2006). However, the findings fim the first study displaying the effects of 

temperature on EMG show that N[FCV incream with warming and decreases with 

cooling, MNF decreases with cooling and RMS is decreased with warmin& These 

findings highlight to the investigators the importance of taking into consi the 

ambient temperature and, more specifically, muscle temperature of the subjects. This 
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is especially relevant for studies in which repeated measures span over different 

seasons. 

In study 2 (chapter 4), the H reflex was used as a method of assming spinal reflex 

excitability (Schieppati 1987). This is described as the electrically induced equivalent 

of the mechanically evoked stretch reflex. The benefits of using the H reflex me that 

changes at the spinal level can be assessed without the influence of changm at 

receptor level, i. e. the muscle spindle. On the other hand, the stretch reflex 

msessment is an indicator of what happens in the fidl circuit, which has more 

practical relevance as it is the muscle spindle that detects a change in the length of 

the muscle. The original methods of the second study (chapter 4) included the 

assessment of the stretch reflex using an identical set up to the H reflex assessment; 

however, the stretch reflex was evoked by rotating the footplate of the dynamometer 

by 10* at a velocity of 150*/s in a dorsiflexion direction. This speed was the highest 

speed obtainable without jerking of the equipment causing antagonist activation. The 

stretch reflex data were not presented in the thesis, as the identification of the three 

parts of the reflex (short, medium, and long latency) was not accurate even under 

control conditions in the young subjects. Identification of the onset of eah response 

(slow, medium and long latency), was attempted using the latencies indicated by 

previous works (Toft et al. 1989); however when the slowing of the refiex with 

ageing was compounded with the effects of cooling and wamrdng on the reflex 

latency, it was found to be impossible to accurately identify dw different responses. 
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Throughout this thesis only fernales participants were included. Although the relative 

rates of decline in muscular strength and muscle mass are similar between males and 

females, fetnales start at a lower absolute sftmgdi d= males and are therefore likely 

to reach the critical level for functional ability before males (Skelton et al. 1994). 

The majority of research investigating the muscle contrwtile characteristics 

throughout the menstnW cycle suggest that fluctuadons in female Lqx luctive 

hormones do not affect muscle contractile characteristics including strength (for 

review see: Janse de Jonge 2003). Nevertheless, where possible, young subjects were 

requested to attend the laboratory in the follicular phase of the menstrual cycle in 

attempt to control for potential hormonal influences. However, in some instances 

(study 4, chapter 6) this was less strictly adhered to due to time constraints and 

subjects' availability. As all testing sessions were completed in the some day, the 

effects of the menstrual cycle phase on the between tempenture condition 

comparisons would not be affected. 

A decline in the level of many hormones in the older subjects contributes to the 

factors affecting sarcopenia, and neuromusculw control. Ibese hormoties imbde 

growth hormone (Rudman et al. 1990, Welle et al. 19%aý insulin like growth fictor 

I (Butterfield et al. 1997), testosterone, (Tenover 1992, Urban at al. 1995) and 

oestrogen (Phillips et al. 1993, Skelton et al. 1999), but how these chuWas are 

related to strength and power is still largely unclaw (Short and Nair 1999) making 

any speculation to their potential role in results of the present stuilies difficult. 

However, they cannot be discounted until further standing of there role in 

Sampenia is achieved. 
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Many studies have reported regional differences in the way muscle strength declines 

with ageing with the lower body being more affected that the upper body (Candow 

and Chilibeck 2005, Janssen et al. 2000, Lynch et al. 1999). It would be of value to 

replicate the protocol of study 4 (chapter 6) on the effects of cooling on fine motor 

control of the muscles of the upper limbs, for example muscles of the hand, whereby 

fine control, such as writing, picldng up and holding an object, is frequently 

performed. 

CLINICAL AND PRACTICAL DOLICATIONS 

From a clinical perspective, the results of the present study have equivocal messages. 

VVIfile, a lack of adaptation at the spinal level was reported in study 2 (chapter 4), it 

appears that older subjects are less affected than their young counterparts when there 

is change in muscle temperature dunng the pot finmance of tasics involving maximal 

contractions. As mentioned in study I (chapter 3), this outcome has both positive and 

negative practical implications. The original concern was dud, should older 

individuals respond similarly to young individuals with cooling by decreasing the 

maximal torque production during a dynamic task, then this could put dm M danger 

through lowering the torque ouW to a level whereby they would be unable to 

. 
geneme enough force to sucomful complete a functional task such as nsuW from a 

chair Or lifting shopping bags. However, as the force Seneirated by the older 

individuals was found not to be affected by cooling, then they should not be further 

impaired by a reduction in muscle temperature when in a cold 

SUMIarly, despite a slowing of the H reflex response latency and an increase in force 
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fluctuation in the older group, postural stability was not compromised following 

cooling. On the other hand, young subjects have previously been shown to increase 

force output during dynamic contractions following warming (Berg and Ekblom 

1979, Sargeant 1987), which was not found in the present thesis (first study, chapter 

3). Therefore, it was originally hypothesized that muscle warming may have been 

used as a method to increase the torque output and, therefore, the fimctional ability of 

the older subjects. However, the results of the present study denied this hypothesis. 

In contrast, when looking at fine motor control, which is important for performing 

low intensity tasks such as writing or holding a cup with liquid, cooling the muscles 

was found to worsen the performance by increasing the amount of force fluctuation 

(study 4, chapter 6). Therefore, for the performance outcome of fine motor tasks in 

older people, it is advised to prevent limb cooling. 

Older the subjects used in the present study were healthy individuals with no known 

neuromuscular disorders, since it was decided not to include the very old or fisil 

individuals, however, even in the healthy older subjects in the present study, 

differences in the response to cooling were seen when compared to the young 

subjects in all experiments except the posturography assessment (chapter 5). It would 

be expected that the lack of response to temperature seen, for example, in force 

output and H reflex response would also be seen in a much older population, on the 

other hand, the most significant finding in terms of the effects on day to day living in 

old individuals was the finding that cooling worsens fine motor control as seen in 

chapter 6. Should the results be extended to even older individuals it would be 
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expected that a further worsening of fine motor control following cooling would be 

experienced, possibly to a level whereby many tasks become impossible. 

With respect to the young individuals, the findings from the investigations can be 

extended to an athletic environment, for example, the finding from chapter 3, where 

torque was seen to be reduced following cooling, reemphasises the importance of not 

having cold muscles prior to performing short duration, maximal explosive tasks 

such as weightlifting. In chapters 5 and 6, however, it appears that during postural 

static tasks, necessary for gymnastic performances, and during fine motor control 

tasks, such as target shooting, the effects of either cooling or warming on the task is 

not an issue. 

172 



REFZRENCES 

Aagaard P, Simonsen EB, Andersen JI, Magnusson P, Dyhre-Poulsen P. Increased 

rate of force development and neural drive of human skeletal muscle following 

resistance training. J Appl Physiol. 2002a; 93: 1318-1326. 

Aagaard P, Simonsen EB, Andresen X, Magnusson P, Dyhre- Poulsen P. Neural 

adaptation to resistance training: changes in evoked V-wave and H-reflex responses. 
J Appl Physiol. 2002b; 92: 2309-2318. 

Aagaard P, Thorstensson A. Neuromuscular aspects of exercise-adaptive responses 

evoked by strength training. In: Textbook of sport medicine. Edited by Kjwr M. 

Blackwell, London. 2003; p 70-106. 

Adinolfi AM, Yamuy J, Morales FR, Chase MH. Segmental donAination in 

peripheral nerves of old cats. Neurobiol Ageing 1991; 12: 175-179. 

Allum JH, Dietz V, Freund HJ. Neuronal mechanisms undmiying physiological 

tremor. J Neurophysiol 1978; 41: 557-571. 

Allum JH, Honegger F, Keshner EA. Postural responses of the elderly. Compatisons 

with vestibular-deficit subjects. In: Sensorimotor impairment in the eldedy. Edited 
by Stelmach GE, H8mberg V. Kuwer Academic Publishers. 1993; p 193-208. 

Ahneida-Silveim MI, Perot C, Goubel F. Neuromuscular adaptations in raft trained 

by stretch shortening. Eur J Appl Physiol Occup Physiol. 19%; 72: 261-266. 

Angulo-Kinzler RM, Mynark RG, Koceja DM. Solew H-reflex pin in elderly and 

young: modulation due to body position. J Gerontol A Biol Sci Mod Sci. 1998; 53: 

M120-125. 

173 



Arendt- Nielsen L, Mills KR. The relationship between mean power fivquency of the 

EMG spectrum and muscle fibre conduction velocity. Electroencephalogr Clin 

Neurophysiol. 1985; 60: 130-134. 

Baker SN, Pinches EM, Lemon RN. Synchronization in monkey motor cortex during 

a precision grip task. IL Effect of oscillatory activity on corticospinal Output. J 

Neurophysiol. 2003; 89: 1941-1953. 

Balasubramaniarn R, Wing AM. Ile Dynamics of Standing Balance. Trends COP 

Sci. 2002; 6: 531-536. 

Baldissera, F, Bellani G, Cavallari P, Lalh S. Changes in the excitability of the H 

reflex in wrist flexors related to the prone or supine position of the forearm in man. 
Neurosci Lett. 2000; 295: 105-108. 

Ball D, Burrows C, Sargeant AL Human power output during repeated sprint cycling 

exercise: the influence of thermal stress. Eur J Appl Physiol. 1999; 79: 360-366. 

Baloh RW, Corona S, Jacobson KM, Enrietto JA, BeR T. A prospective study of 

posturography in normal older people. J Am Geriatr Soc. 199k 46: 438-443. 

Baloh RW, Fife TD, Zwerling L, Socotch T, Jacobson K, Bell T, Beykirch K. 
Comparison of static and dynamic posturography in young and older normal people. 
J Am Geriatr Soc. 1994; 42: 405-12. 

Baloh RW, Jacobson KM, Enrietto JA, Corona S, Honrubia V. Balance disorders in 

the older persons: Quantification with posturography. OtolaryWI Head Nock Sur& 
1998b; 119: 89-92. 

174 



Bfiriny A AT? ase activity of myosin correlated with speed of muscle shortening. J 

Gen Physiol. 1967; 50: 197-218. 

Basmajian JV, De Luca CJ. Muscles alive: their functions revealed by 

electromyography. Baltimore, Williams and Wilkins. 1985. 

Bazzucchi I, Felici F, Macaluso, A, De Vito G. Differences between young and older 

women in maximal force, force fluctuations, and surfitce EMG during isometric knee 

extension and elbow flexion. Muscle Nerve. 2004; 30: 626-635. 

Bell KR, Lehmann JF. Effect of cooling on H- and T-reflexes in normal subjects. 

Arch Phys Med Rehabil. 1987; 68: 490-493. 

Bergh U, Ekblom B. Influence of muscle temperature on maximal muscle strength 

and power output in human skeletal muscles. Acta, Physiol Scand. 1979; 107: 33-37. 

Bertram MIF, Nishida, T, Minicka. MM, Janssen I, Levy CE. Effects of temperature on 

motor unit action potentials during isometric contraction. Muscle Nerve. 1995; 18: 
1443-1446. 

Bhattacharya N, Chhina GS, Singh B. Effects of hyperthernfic temperatures on 

monosynaptic and polysynaptic reflex responses. Indian J Med Res. 198 1; 73: 464- 

468. 

Bigland-Ritchie B, Donovan EF, Roussos CS. Conduction velocity and EMG power 

spectruin changes in fittigue of sustained maxfinal efforts. J Appl Physiol. 198 1; 5 1: 
1300-1305. 

Bigland-Ritchie B, Tbomas CK, Rice C1, Howwrth N, Woods JJ. Muscle 
temperature, contractile spe4 and motoneuron firing rates during human voluntary 

contrwfions. J Appl Physiol. 1992; 73: 2457-2461. 

175 



Binder MD and Mendell LM. The segmental motor system. Oxford University, New 

York. 1990. 

Binkhorst RA, Hoofd L, Vissers AC. Temperature and force-velocity relationship of 
human muscles. J Appl Physiol. 1977; 42: 471-475. 

Bobbert MF, Huijing PA, van Ingen Schenau GJ. An estimation of power output and 

work done by the human triceps surae muscle-tendon complex in jumping. J 

Biomech. 1986; 19: 899-906. 

Bojsen-Moller J, Magnusson SP, Rasmussen LR, Kjaer M, Aagaard P. Muscle 

performance during maximal isometric and dynamic contractions is influenced by 

the stiffiness of the tendinous structures. J Appl Physiol. 2005; 99: 986-994. 

Bolton CF, Sawa GM, Carter K. The effects of temperature on human compound 

action potentials. J Neurol Neurosurg Psychiatry. 198 1; 44: 407-413. 

Bouche P, Cattelin F, Saint-Jean 0, Leger JM, Queslati S, Guez D, Moulonquet A, 

Brault Y, Aquino JP, Simunek P. Clinical and electrophysical study of the peripheral 

nervous system in the elderly. J Neurol. 1993: 240; 263-268. 

Boxer PA, Morales FR, Chase MH. Alterations of group Ia- motoncuron mono- 

synaptic EPSP in aged cats. Exp Neurol. 1988; 100: 583-595. 

Braddom RL, Johnson EW. H reflex: review and classification with suggested 
clinical uses. Arch Phys Mod Rehabil. 1974; 55: 412-417. 

Brooke MH, Engel VIK. The histographic analysis of hmnan muscle biopsies with 

regard to fiber types. 1. Adult male and female. Neurology. 1969; 19: 221-233. 

176 



Brown WF, Strong MJ, Snow R. Methods for estimating numbers of motor units in 

biceps-brachialis muscles and losses of motor units with aging. Muscle Nerve. 1988; 

11: 423-32. 

Brown WF. A method for estimating the number of motor units in thenar muscles 

and the changes in motor unit count with ageing. J Neurol Neurosurg Psychiatry. 

1972; 25: 845-852. 

Burke D, Adams RW, Skuse, NF. The effects of voluntary contraction on the H 

reflex of human limb muscles. Brain. 1989; 112: 417-433. 

Burke JR, Schutten MC, Koceja DM, Kamen G. Age- dependent effects of muscle 

vibration and the Jendrissik maneuver on the patellar tendon reflex response. Arch 
Phys Med Rehabil. 1996; 77: 600-604. 

Burned RA, Laidlaw DH, Enoka, RM. Coactivation of the antagonist muscle does not 

covary with steadiness in old adults. J Appl Physiol. 2000; 89: 61-71. 

Butterfield GE, Thompson J, Rennie MJ, Marcus R, Hintz RL, Hoffinan AR. Effect 

of rhGH and rhlGF-I treatment on protein utilization in elderly women. Am J 

Physiol. 1997; 272: E94-99. 

Camicioli It, Panzer VP, Kaye J. Balance in the healthy elderly: posturogmphy and 

clinical assessment. Arch Neml. 1997; 54: 976-8 1. 

Campbell AJ, Spears GF, Borrie MJ, Fitzgerald JL. Falls, eldmiy women and the 

cold. Gerontology. 1988; 205-208. 

Campbell MJ, McComas AJ, Petito F. Physiological changes in ageing muscles. J 

Neurol Neurosurg Psychiatry. 1973; 36: 174-182. 

177 



Campero M, Serra J, Ochoa JL. C- polymodal nociceptors activated by noxious low 

temperature in human skin. J Physiol. 1996; 497: 565-572. 

Candow DG, Chilibeck PD. Differences in size, sftmgth, and power of upper and 
lower body muscle groups in young and older men. J Gerontol A Biol Sci Med Sci. 

2005; 60: 148-156. 

Capaday C, Stein RB. Amplitude modulation of the solcus H reflex in the human 

during walking and standing. J Neurosci. 1986; 6: 1308-1313. 

Capaday C. Neurophysiological mthods for studies of the motor system in freely 

moving human subjects. J Neurosci methods. 1997; 74: 201-218. 

Carolan B, Cafarelli E. Adaptations in coactivation after isometric resistance 
training. J Appl Physiol. 1992; 73: 911-917. 

Carpenter MG, Frank SG, Winter DA, Peysar GW. Sampling duration effects on 

centre of pressure summary measures. Gait Posture. 2001; 13: 35-40. 

Casabona, A, Polizzi MC, Perciavalle V. Differences in H-reflex between athletes 

tmined for explosive contractions and non tmined subjects. Eur J Appl Physiol 
Occup Physiol. 1990; 61: 26-32. 

Chalmers GR, Knutzen KM. H reflex size in young and elderly adults of varying 

physical activity levels. J Aging Phys Activ. 2000; 8: 20-32. 

Chalmers GR, Knutzen KM. Soleus H reflex gain in healthy elderly and young adults 

when lying, standing and balancing. J Gerontol A Biol Sci Mod Sci. 2002; 57: B321 - 
B329. 

178 



Chapman CE, Michalsid WJ, S6guin JJ. The effects of cold-induced muscle spindle 

secondary activity on monosynaptic and stretch reflexes in the decerebrate cat. Can J 

Physiol Phannacol. 1979; 57: 606-614. 

Chase MH, Morales FR, Boxer PA, Fung SJ. Aging of motoneurons and synaptic 

processes in the cat. Exp Neurol. 1985; 90: 471-478. 

Cheung SS, Montie DL, VVhite MD, Behm D. Changes in manual dexterity following 

short-term hand and forearm immersion in 10 *C water. Aviat Space Environ Med. 

2003; 74: 990-993. 

Cheung SS, Sleivert GG. Lowering of skin temperature decreases isokinetic maximal 
force production independent of core temperature. Eur J Appl Physiol. 2004; 91: 

723-728. 

Choy NL, Brauer S, Nitz J. Changes in postural control in women aged 20-80 yrs. J 

Gerontol A Biol Sci Med Sci. 2003; 58: 525-530. 

Christakos CN. A study of muscle force waveform using a population stochastic 

model of skeletal muscle. Biol Cybem. 1982; 44: 91-106. 

Christou, EA, Grossman M, Carlton LG. Modeling of force during isometric 

contractions of the quadriceps femoris. J Motor Behav. 2002; 34: 67-71. 

Clarkson PM, Kroll W, Melchionda. AM. Age, isometric strength, rate of tension 
development and fiber type composition. J Gerontol. 1981; 36: 648-653. 

Clarkson PM. The relationship of age and level of physical activity with the 

ftactionated components of patellar reflex time. J Gerontol. 1978; 33: 650-656. 

179 



Collins JJ, De Luca CJ. Open- loop and closed- loop control of posture: a random 

walk analysis of centre of pressure trajectories. Exp Brain Res. 1993; 95: 308-318. 

Collins KJ, Dore C, Exton-Smith AN, Fox RH, Macdonald IC, Woodward PM. 

Accidental hypothennia and impaired temperature homeostasis in the elderly. Br 

Med J. 1977; 1: 353-356. 

Comeau MJ, Potteiger JA, Brown LE. Effects of environmental cooling on force 

production in the quadriceps and hamstrings. J Strength Cond Res. 2003; 17: 279- 

284. 

Connelly DM, Rice CL, Roos MR, Vandervoort AA. Motor unit firing rates and 

contractile properties in tibialis anterior of young and old men. J Appl Physiol. 1999; 

87: 843-852. 

Cooper C, Evidente VG, Hentz JG, Adler CH, Caviness JN, Gwinn-Hardy K. IMe 

effects of temperature on hand function in patients with tremor. J Hand Tlier. 2000; 

13: 276-288. 

Corden DM, Lippold OC. Age-related impaired reflex sensitivity in a human hand 

muscle. J Neurophysiol. 1996; 76: 2701-2706. 

Coupland ME, Puchert E, Ranatunga KW. Temperature dependence of active tension 
in mammalian (rabbit psoas) muscle fibres: effect of inorganic phosphate. J Physiol. 

2001; 536: 879-891. 

Crone C, Hultbom H, Mazieres L, Morin C, Nielsen J, Piamt-Deseilligny E. 

Sensitivity of monosynaptic test reflexes to facilitation and inhibition as a function of 
the test reflex size: a study in man and the cat. Exp Brain Res. 1990; 81: 35-45. 

180 



Danion F, Gall6a C. The relation between force magnitude, force steadiness, and 
muscle co-contraction in the thumb during precision grip. Neurosci Lett. 2004; 368: 

176-180. 

Davies CT, Mecrow IK, Wbite MJ. Contractile properties of the hiunan triceps surae 

with some observations on the effects of temperature and exercise. Eur J Appl 

Physiol Occup Physiol. 1982; 49: 255-269. 

Davies CT, Young K. Effect of temperature on the contractile properties and muscle 

power of triceps surae, in humans. J Appl Physiol. 1983; 55: 191-195. 

Davis MG, Fox KR. Physical activity patterns assessed by accelerometry in older 

people. Eur J Appl Physiol. 2006; in press. 

de Koning P, Wieneke GH, van der Most van Spijk D, van Huffelen AC, Gispen 

WH, Jennekens FG. Estimation of the number of motor units based on macro-EMG. 
J Neurol Neurosurg Psychiatry. 1988; 51: 403-411. 

de Luca CJ. The use of surface electromyography in biomechanics. J Appl Biomech. 
1997; 13: 135-163. 

De Ruiter CJ, De Haan A. Temperature effect on the forcelvelocity relationship of 

the fiesh and fatigued human adductor pollicis muscle. Pflugers Arch. 2000; 440: 

163-170. 

De Serres SJ, Enoka RM. Older adults can maximally activate the biceps brachii 

muscle by voluntary command. J Appl Physiol. 1998; 84: 284-91. 

Delwaide PJ, Toulouse P. Jendrassik maneuver vs controlled contractions 

conditioning the excitability of soleus monosynaptic reflexes. Arch Phys Mod 
Rehabil. 1980; 61: 505-510. 

181 



deVries HA, Wiswell RA, Romero GT, Heckathome E. Changes with age in 

monosynaptic reflexes elicited by mechanical and electrical stimulation. Am J Phys 

Med. 1985; 64: 71-8 1. 

Dichgans J, Brandt T. Visual- vestibular interaction. Effects on self-motion 

perception and postural control. In: Handbook of sensory physiology. Edited by Held 

R, Leibowitz HW, Teuber HL. Springer, Heidelberg. 1973; p 755-804. 

Diener HC, Dichgans J, Bootz F. Functional plasticity of spinal and supraspinal 

reflexes in maintaining ulmight stance. Advanc Oto-Rhino-Laryng. 1983; 30: 288- 

290. 

Diener HC, Dichgans J, Guschlbauer B, Mau H. The significance of proprioception 

on postural stabilization as assessed by ischemia. Brain Res. 1984; 296: 103-109. 

Dioszeghy P, StAlberg E. Changes in motor and sensory nerve conduction parameters 

with temperature in normal and diseased nerve. Electroencephalogr Clin 

Neurophysiol. 1992; 85: 229-235. 

Doherty TJ, Brown WF. The estimated numbers and relative sizes of thenar motor 

units as selected by multiple point stimulation in young and older adults. Muscle 

Nerve. 1993; 16: 355-366. 

Doherty TJ, Vandervoort AA, Taylor AW, Brown WF. MOM of motor unit losses 

on strength in older men and women. J Appl Physiol. 1993; 74: 868-874. 

Dorfinan LJ, Bosley TM. Age- related changes in peripheral and central nerve 

conduction in man. Neurology. 1979; 29: 38-44. 

182 



Doman J, Fernie GR, Holliday PJ. Visual input: its finportance in the control of 

postural sway. Arch Phys Mod Rehabil. 1978; 59: 586-591. 

Douglas WW, Malcohn X. The effect of localized cooling on conduction in cat 

nerves. J Physiol. 1955; 130: 53-71. 

Drechler F. Sensory action potentials of median and u1nar nerves in aged persons. In: 

Studies on neuromuscular diseases. Edited by Kunze K, DesTnedt JE. Karger, Basel. 

1975; 232-235. 

Durbaba R, Taylor A, Manu CA, Buonajuti M. Stretch reflex instability compared in 

three different human muscles. Exp Brain Res. 2005; 163: 295-305. 

Earles D, Koccja D, Shively C. Environmental changes in soleus H reflex excitability 
in young and elderly subjects. Int J Neurosci. 2000; 105: 1-13. 

Earles D, Vardaxis V, Koceja D. Regulation of motor output between young and 

elderly subjects. Clin Neurophysiol. 2001; 112: 1273-1279. 

Eccles JC, Schmidt RF, Willis WD. Presynaptic inhibition of the spinal 

monosynaptic reflex pathway. J Physiol. 1962; 161: 282-297. 

Edelwcjn Z. Trials and Evaluation of conduction velocity in motor fibres of different 

size under conditions of local hyperthermia. Acta Physiol Pol. 1964; 15: 503-511. 

Ekdahl C, Jamlo GB, Andersson SI. Standing balance in healthy subjects. Evaluation 

of a quantitative test battery on a force platform. Scand J Rehab Mod. 1989; 21: 187- 

195. 

193 



Ellrich J, Treede RD. Convergence of nociceptive and non- nociceptive inputs onto 

spinal reflex pathways to the tibialis anterior muscle in humans. Acta Physiol Scand. 

1998; 163: 391-401. 

Engelhardt JK, Morales FR, Yarnuy J, Chase MIH. Cable properties of spinal 

motoneurons in adult and aged cats. J Neurophysiol. 1989; 61: 194-201. 

Enoka RM. Neuromechanics of human movement. P Edition. Human Kinetics, 

Champaign, IL. 2001. 

Erlanger J, Gasser HS. Electrical signs of nervous activity. University of 

Pennsylvania Press, Philadelphia. 1968 

Esposito F, Malgrati D, Veicsteinas A, Orizio C. Time and fiequency domain 

analysis of electromyogram and sound myogram in the elderly. Eur J Appl Physiol 

Occup Physiol. 1996; 73: 503-5 10. 

Evans WJ. What is sarcopenia ?J Gerontol, 1995; 50: 5-8. 

Falck B, Lang H. Effects of temperature on motor unit potentials. Muscle Nerve. 

1986; 9: 573-574. 

Falco FJ, HennesSey WJ, Goldberg G, Braddom RL. H reflex latency in the healthy 

elderly. Muscle Nerve. 1994; 17: 161-167. 

Farina D, Arendt-Nielsen L, Graven-Nielsen T. Effect of temperature on spike- 

triggered average torque and clectrophysiological properties of low- threshold motor 

units. J Appl Physiol 2005; 99: 197-203. 

Farina D, Arendt-Nielsen L, Merletti R, Gmvcn-Nielsen T. Assument of single 

motor unit conduction velocity during sustained contractions of the tibialis anterior 
muscle with advanced spike triggered averaging. J Neurosci Methods. 2002a; 115: 1- 

12. 

184 



Farina D, Ferguson RA, Macaluso, A, De Vito G. Correlation of average muscle fiber 

conduction velocity measured during cycling exercise with myosin heavy chain 

composition, lactate flueshold, and V02(max). J Electromyogr Kinesiol. 2006; in 

press. 

Farina D, Fosci M, Merletti R. Motor unit recruitment strategies investigated by 

surface EMG variables. J Appl Physiol. 2002b; 92: 235-247. 

Farina D, Rainoldi A. Compensation of the effect of sub-cutaneous tissue layers on 

surface EMG: a simulation study. Mod Eng Phys. 1999; 21: 487-497. 

Fernie GR, Gryfe Cl, Holliday PJ, Llewellyn A. The relationship of postural sway in 

standing to the incidence of falls in geriatric subjects. Age Ageing. 1982; 11: 11- 16. 

Ferretti G, Ishii M, Moia C, Cerretelli P. Effects of temperature on the maximal 
instantaneous muscle power of humans. Eur J Appl Physiol Occup Physiol. 1992; 64: 

112-116. 

Fetz EE, Jankowska E, Johannisson T, Lipski J. Autogenctic inhibition of 

motoneurones by impulses in group la muscle spindle affefents. J Physiol. 1979; 

293: 173-195. 

Feys P, Helsen W, Liu X, Mooren D, Albrecht H, Nuttin B, Ketelaer P. Effects of 

peripheral cooling on intention tremor in multiple sclerosis. J Neurol Neurosurg 

Psychiatry. 2005; 76: 373-379. 

Fischer M, Schifer SS. Temperature effects on the ffischarge fiequency of primary 

and secondary endings of isolated cat muscle spindles recorded under a ramp and 
hold stretch. Brain Res. 1999; 840: 1-15. 

185 



Fisher MA. AAEM Minimonography # 13: H reflexes and F waves: physiology and 

clinical indications. Muscle Nerve. 1992; 15: 1223-1233. 

Florez-Duquet M, McDonald RB. Cold- induced thermoregulation and biological 

aging. Physiol Rev. 1998; 78: 339-358. 

Fox A, Woodward PM, Exton-Smith AN. Body temperature in the elderly: a national 

study of physiological, social and environmental conditions. Br Mod J. 1973; 1: 200- 

206. 

Frontera, WR, Hughes VA, Lutz KJ, Evans WJ. A cross sectional study of muscle 

strength and mass in 45- to 78-yr-old men and women. J Appl Physiol. 1991; 71: 

644-650. 

Fuglevand AJ, Winter DA, Patla AE. Models of recruitment and rate coding 

organization in motor unit pools. J Neurophysiol. 1993; 70: 2470-2488. 

Galganski ME, Fuglevand AJ, Enoka RM. Reduced control of motor output in a 
human hand muscle of elderly subjects during submaximal contractions. J 
Neumphysiol. 1993; 69: 2108-2115. 

Gasser HS, Grundest H. Axon diameters in relation to the spike dimensions and the 

conduction velocity in marnnudian A fibres. Am J Physiol. 1939; 127: 393-414. 

Gasser M, Trojaborg W. Clinical and electrophysiological study of pattern and 

conduction times in -distribution of sciatic nerve. J Neml Neurosurg Psychiatry. 

1964; 27: 351-357. 

Gerdle B, Henriksson- Larsen K, Lorentzon R, Wreding ML. Dependence of the 

meAm power fi-equency of the electromyogram on muscle force and fibre type. Acta 

Physiol Scand. 199 1; 142: 457-465. 

196 



Geurts C, Sleivext GG, Cheung SS. Tempeniture effects on the contiactile 

characteristics and sub-maximal voluntary force production of the first dorsal 

interosseus muscle. Eur J Appl Physiol. 2004; 91: 41-45. 

Gibbs J, Hughes S, Dunlop D, Singer P, Chang RW. Predictors of change in walking 

velocity in older adults. J Am Geriatr Soc. 1996; 44: 126-132. 

Giesbrecht GG, Wu MP, VAfite MD, Johnston CE, Bristow GK. Isolated effects of 

peripheral arm and central body cooling on arm performance. Aviat Space Environ 

Med. 1995; 66: 968-975. 

Goldman L, Albus JS. Computation of impulse conduction in myelinated fibres: 
theoretical basis of the velocity- dimneter relation. Biophys J. 1968; 8: 596-607. 

Gray SR, De Vito G, Nimmo MA, Farina D, Ferguson RA. Skeletal muscle AT? 

turnover and muscle fiber conduction velocity are elevated at higher muscle 
temperatures during maximal power output development in humans. Am J Physiol 

Regul Integr Comp Physiol. 2006; 290: R376-382. 

Greig CA, Young A, Skelton DA, Pippet E, Butler FM, Mabmud SM. Exercise 

studies with elderly volunteers. Age Ageing. 1994; 23: 185-189. 

Grimby G, Aniansson A, Zetterberg C, Saltin B. Is them a change in mlative muscle 
fibre composition with age? Clin Physiol. 1984; 4: 189-194. 

Gydikov A, Kosarov D, Dimitrov GV. Length of summated depolmized ama and 
duration of the depolanmg and repolarizmg processes in the mow unit under 
different conditions. Electromyogr Clin Neurophysiol. 1979; 19: 229-248. 

187 



Hakidnen IC, HaIddnen A. Neuromuscular adaptations during intensive strength 

training in middle-aged and elderly males and females. Electromyogr Clin 

Neurophysiol. 1995; 35: 137-147. 

Hakkinen K, Newton RU, Gordon SE. Changes in muscle morphology, 

electromyographic activity, and force production characteristics during progressive 

strengdi training in young and older men. J Gerontol. 1988; 53: B415-423. 

Halddnen K, Pastinen UM, Karsikas R, Linnamo, V. Neuromuscular performance in 

voluntary bilateral and unilateral contraction and during electrical stimulation in men 

at different ages. Eur J Appl Physiol Occup Physiol. 1995; 70: 518-527. 

Halar EM, DeLisa JA, Brozovich FV- Peroneal motor conduction velocity- the 

importance of temperature correction. Arch Phys Mod Rehab. 1981; 62: 439-443. 

Halar EM, DeLisa JA, Soine TL. Nerve conduction studies in upper extremities: sidn 

temperature coffecfion. Arch Phys Med Rehab. 1983; 61: 412-416. 

Hall RC, Nyland J, Nitz AJ, Pincrola J, Johnson DL. Relationship between ankle 

invertor H-reflexes and acute swelling induced by inversion ankle sprain. J Orthop 
Sports Phys Ther. 1999; 29: 339-344. 

Hansen RD, Amos D, Leake B. Infiwed tympanic temperature as a pmffictor of 

rectal temperature in wann and hot conditions. Aviat Space Environ Mod. 1996; 67: 

1048-1052. 

Harridge SD, Bottinelli R, Canepari M, Pellogdno MA, Reggiani C, Esbjomsson M, 

Saltin B. Whole-muscle and single-fibre contractile properties and myosin heavy 

chain isoforms in humans. Pflugers Arch. 1996; 432: 913-920. 

189 



Harridge SD, Kryger A, Stensgaard A. Knee extensor sbmgth, activation, and size in 

very elderly people following strength training. Muscle Nerve. 1999a; 22: 831-839. 

Harridge SD, Pearson SJ, Young A. Muscle power loss in old age: fimctional 

relevance and effects of training. In: Physical activity in the elderly. Edited by 

Capodaglio P, Narici MV. Pavia, Italy. Maugeri Foundation Books and PI-ME Press. 

1999b; p 123-137. 

Hart BA. Fractionated myotatic reflex times in women by activity level and age. J 

Gerontol. 1986; 41: 361-367. 

Hasan SS, Robin DW, Szurkus DC, Ashmead DH, Peterson SW, Shiavi RG. 

Simultaneous measurement of body centre of pressure and centre of Swity during 

upright stance. Gait Posture. 1996; 4: 11-20. 

Havenith G, Heus R, Daanen HA. The hand in the cold, performance and risk. Arctic 

Mod Res. 1995; 54: 37-47. 

Hay L, Bard C, Fleury M, Teasdale N. Availability of vinal and proprioceptive 

afferent messages and postural control in elderly adults. Exp Brain Res. 1996; 108: 

129-139. 

Haymes EM, Rider RA. Effects of leg cooling on peak isoldnetic torque and 

endurance. Am Coffect Tber J. 1983; 37: 109-115. 

Henderson G, Tomlinson BE, Gibson PH. Cell counts in human cerebral cortex in 

normal adults throughout life using an image analysis computer. J Neurol. Sci 1980; 

46: 113-136. 

189 



Hermanan E, Somjen G, Carpenter D. Functional significance of cell size in spinal 

motoneurons. J Neurophysiol. 1965; 28: 560-580. 

Henrikson JD. Conduction velocity of motor nerves in normal subjects and patients 

with neuromuscular disorders. Minneapolis, Minesota, University of Minesota. 1956. 

Hill AV. The heat of shortening and the dynamic constraints of muscle. Proc R Soc 

Lond. 1938; B102: 136-195. 

Hiraoka, K. Placement of a plate under the forefoot in stance. Am J Phys Mod 

Rehab. 2003; 82: 837-841. 

Hlavova A, Abramson DI, Rickert BL, Talso JF. Temperature effect on duration and 

amplitude of distal median nerve action potential. J Appl Physiol. 1970; 28: 808-812. 

Hodgkin AL, Huxley AF. Resting and action potentials in single nerve fibres. J 

Physiol. 1945; 104: 176-195. 

Hodgldn AL, Katz B. The effect of teraperature on the electrical activity of the giant 

axon of the squid. J Physiol. 1949; 109: 240-249. 

Hoffinann MA, Koceja DM. Hoffmann reflex profiles and strength ratios in 

postoperative anterior cruciate, ligament reconstruction patients. Int J Neurosci. 2000; 

104: 17-27. 

Hoffinann MA, Koceja DM. The effects of vision and task complexity on Hoftmann 

reflex gain. Brain Res. 1995; 700: 303-307 

Hoffmann P. (1918) Uber die Begehungen der Schnenreßexe zur willkurlichen 
Bewegung und zum Tonus. Z Biol. 1918; 68: 351-370. 

190 



Holviala JH, Sallinen JM, Kraerner JM, Alen MJ, Hakidnen KK. Effects of strength 
training on muscle strength characteristics, functional capabilities, and balance in 

middle- aged and older women. J Strength Cond Res. 2006; 20: 336-344. 

Hopkins JH, Ingersoll CD, Cordova ML, Edwards JE. Intrasmion and intersession 

reliability of the soleus H-reflex in supine and standing positions. Electromyogr Clin 

Neurophysiol. 2000; 40: 89-94. 

Hopkins JT, Ingersoll CD, Krause BA, Edwards JE, Cordova ML. Effects of knee 

joint effusion on quadriceps and soleus motoneuron pool excitability. Med Sci Sport 
Exerc. 2001; 33: 123-126. 

Hopkins JT, Stencil R. Ankle cryotherapy facilitates soleus function. J Orthop Sport 

Phys. 2002; 32: 622-627. 

Horak FB, Macpherson JM. Postural oriental and equilibrimn. In: Handbook of 

physiology, sect 12. Exercise: regulation and integration of multiple systems. Edited 

by Rowell LB, Shephard JT. Oxford University Press, New York. 1996; p 225-292. 

Hortobigyi T, DeVita P. Mechanisms responsible for the age-associated increase in 

coactivation of antagonist muscles. Exerc Sport Sci Rev. 2006; 34: 29-35. 

Horvath SM, Rochelle RD. Hypothermia, in the aged. Environ Health Perspect. 1977; 

20: 127-130. 

Howard JE, McGill KC, Dorfinan LJ. Age effects on properties of motor unit action 

potentials: ADEMG analysis. Ann Neurol. 1988; 24: 207-213. 

191 



Hufschmidt A, Dichgans J, Mauritz KH, Hufschmidt M. Some methods and 

parameters of body sway quantification and dieir neurological applications. Arch 

Psychiatr Nervenkr. 1980; 228: 135-50. 

Hughes MA, Myers BS, Schenlanan ML. The role of strength in rising from a chair 
in the functionally impaired elderly. J Biomech. 1996; 29: 1509-1513. 

Hugon, M. Methodology of the human reflex in man. In: New developments in 

electromyography and clinical neurophysiology. Edited by Desinedt JE. Basel, S 

Karger. 1973; p 277-293. 

Hultbom H, Lindstr6m S, and Wangberg B. Prolonged activation of solew 

motoneurones following a conditioning train in soleus la afterents- a case for a 

reverberating loop? Neurosci Letts. 1975; 1: 147-152. 

Hultbom H, Meunier S, Pieffot- Deseilligay E, Shindo M. Changes in presynaptic 
inhibition of la fibres at the onset of voluntary contraction in man. J Physiol. 1987; 

389: 757-772. 

Hwang IS. Assessment of soleus motoneuronal excitability using the joint angle 
dependent H reflex in humans. J Electromyogr Kinesiol. 2002; 12: 361-366. 

Izquierdo M, Aguado, X Gonzalez R, Lopez JL, Hakidnen K. Maximal and 
explosive force production capacity and balance performance in men of different 

ages. Eur J Appl Physiol Occup Physiol. 1999a; 79: 260-267. 

lzquierdo M, Ibanez J, Gorostiaga, E, Garrues M, Zuniga A, Anton A, Larrion JI, 

HaIddnen K. Maximal sbmgth and power characteristics in isometric and dynamic 

actions of the upper and lower exftemities in middle-aged and older men. Acta 

Physiol Scand. 1999b; 167: 57-68. 

192 



Jakobi JM, Rice CL. Voluntary muscle activation varies with age and muscle group. 
J Appi Physiol. 2002; 93: 457-462. 

Janse de Jonge XA. Effects of the menstrtW cycle on exercise performance. 
Sports Med. 2003; 33: 833-851. 

Janssen I, Heyinsfield SB, Wang ZM and Ross R. Skeletal muscle mass and 
distribution in 468 men and women aged 18-88 yr. J Appl Physiol. 2000; 89: 81-88. 

Jubrias SA, Odderson IR, Essehnan PC, Conley KE. Decline in isoldnetic force with 

age: muscle cross-sectional area and specific force. Pflugers Arch. 1997; 434: 246- 

253. 

Jutte LS, Merrick MA, Ingersoll CD, Edwards JE. The relationship between 

intramuscular temperature, skin temperature, and adipose thickness dunng 

cryotherapy and rawarinin& Arch Phys Mod Rehabil. 2001; 82: 845-850. 

Kallman SA, Plato CC, Tobin JD. The role of muscle loss in the age-related decline 

of grip strength: cross-sectional and longitudinal perspectives. J Gaontol. 1990; 45: 

M82-M88. 

Kaxnen G, Roy A. Motor unit synchronization in young and eldaly adults. Eur J 

Appl Physiol. 2000; 81: 403-410. 

Kamen G, Sison SV, Du CC and Patten C. Motor unit discharge behaviour in older 

adults during maximal effort contrwtions. J APPI Physiol. 1995; 79: 1908-1913. 

Kanda K, Hashizume K. Changes in properties of the medial gastrocnemius motor 

units in aging rats. J Neurophysiol 1989; 61: 737-746. 

Katz S, Branch LG, Branson MH, Papsidero JA, Back JC, Greer DS. Active li& 

expectancy. N Engl J Med. 1983; 309: 1218-1224. 

193 



Kawashirna N, Nakazawa K, Ymnarnoto SI, Nozald D, Akai M, Yano H. Stretch 

reflex excitability of the anti-gravity wrdde extensor muscle in elderly humans. Acta 

Physiol Scand. 2004; 180: 99-105. 

Keen DA, Yue GH, Enoka, RM. Training- related enhancement in the control of 

motor output in elderly humans. J AppI Physiol. 1994; 77: 2648-2658. 

Kenney WL, Munce TA. Invited review: aging and human temperature regulation. J 

Appl Physiol 2003; 95: 2595-2603. 

Kent- Braun JA, Ng AV. Specific strength and voluntary mu cle activation in young 

and elderly women and men. J Appl Physiol. 1999; 87: 22-29. 

Kido A, Tanaka N, Stein RB. Spinal excitation and inhibition decrease as hmnans 

age. Can J Physiol Phannacol. 2004; 82: 238-248. 

Klass M, Baudry S, Duchateau J. Aging does not affect voluntary activation of the 

ankle dorsiflexors during isometric, concentric, and eccentric contractions. J Appl 

Physiol. 2005; 99: 31-8. 

Klein CS, Rice CL, Marsh GD. Normalized force, activation, and coactivation in the 

arm muscles of young and old men. J Appl Physiol. 2001; 91: 1341-1349. 

Knikou M, Conway BA. Modulation of soleus H reflex following ipsilataal 

mechanical loading of the sole of the foot in normal and complete spinal chord 
injured hutnans. Neurosci LAU. 200 1; 303: 107-110 

Knutsson E, Mattsson E. Effects of local cooling on monosynaptic reflexes in man. 
Scand J Rehabil Mod. 1969; 1: 126-132 

194 



Knutsson E, Mattsson E. Topical Cryotherapy in Spacticity, Scand J Rehabil Mod. 

1970; 2: 159-163. 

Koceja DM, Markus CA, Trimble MH. Postural modulation of the soleus H reflex in 

young and old subjects. Electroencephalogr Clin Neurophysiol. 1995; 97: 387-393. 

Koccja DM, Mynark RG. Comparison of heteronymous monosynaptic Ia, facilitation 

in young and elderly subjects in supine and standing positions. Int J Neurosci. 2000; 

103: 1-17. 

Koceja DM, Trimble MH, Earles DR. Inhibition of the solcus H-reflex in standing 

man. Brain Res. 1993; 629: 155-158. 

Kossler F, Lange F, Caffier 0, Kuchler G. Changes of the conduction velocity of 
isolated muscles induced by altered extenud potassium concentration. Biomed 

Biochem Acta. 1989; 48: S465-470 

Kouzald M, Shinohara, M, Masani K, Fakunaga T. Force fluctuations are modulated 
by alternate muscle activity of knee extensor synergists during low-level sustained 

contmcfion. J Appl Physiol. 2004; 97: 2121-213 1. 

Krause AB, Hopkins IT, Ingersoll CD, Cordova MI, Edwards JE. 'Ihe relationship 

of anIde cooling and rewarming to the human solew H reflex. J Sports Rehabil. 

2000; 9: 253-262 

Krause KH, Magyarosy I, Gall H, Ernst E, Pongratz D, Schoeps P. Effem of had 

and cold application on turns and amplitude in surfitce EMG. Electromyogr Clin 

Neurophysiol. 2001; 41: 67-70. 

195 



Kugelberg E. Adaptive transformation of rat solcus motor units during growth. J 

Neurol Sci. 1976; 27: 269-289. 

Kukulka CG. Principles of neuromuscular excitation. In: Electrotherapy in 

rehabilitation (contemporary perspectives in rehabilitation). Edited by Gersh MR. 

Davis, Philadelphia. 1992; p 3-25. 

Kupa EJ, Roy SH, Kandarian SC, De Luca CJ. Effects of muscle fiber type and size 

on EMG median frequency and conduction velocity. ý Appl Physiol. 1995; 79: 23- 

32. 

Laidlaw DH, Bilodeau, M, Enoka, RM. Steadiness is reduced and motor unit 

discharge is more variable in older adults. Muscle Nerve. 2000; 23: 600-612. 

Laidlaw DH, Hunter SK, Enoka RM. Nonuniform activation of the agonist muscle 
does not covary with index fter accelemtion in old adults. J Appl Physiol. 2002; 

93: 1400-1410. 

Laidlaw DH, Komatz KW, Kew DA, Suzuld S, Enoka RM. Shmgdi buining 

improves steadiness of slow lengthening contractions performed by old adults. i 

Appl Physiol. 1999; 87: 1786-1795. 

LaIde M, Walsh EG, Arblaster LA, Villagra F, Robuts RC. Lhnb tampauture and 
human tronors. J Neurol Neurosurg Psychiatry. 1994; 57: 35-42. 

Larsson L, Sjodin B, Karlsson J. Histochemical and biochemical changes in human 

skeletal muscle with age in sedentary males, age 22-65 years. Acta Physiol Scand. 

1978; 103: 31-39. 

Lascelles RG, Thomas PK. Changes due to age in intemodal length in the sural nave 
in man. J Neurol Neurosurg Psychiatry. 1966; 29: 4M 4 4. 

196 



Le Clair K, Riach C. Postural Stability Measures: What to Measure and For How 

Long. Clin Biomech. 1996; 11: 176-178. 

Lee KW, Oh SJ. Early appearance of aging phenomenon in the interdigital nerves of 
the foot. Muscle Nerve. 1994; 17: 58-63. 

Leroux A, Belanger M, Boucher JP. Pain effect on monosynaptic and polysynaptic 

reflex inhibition. Arch Phys Mod Rehabil. 1995; 76: 576-582. 

Lexell J, Henriksson- Larsen K, Winblad B, Sjostrcnn M. Distribution of different 

fiber types in human skeletal muscles: effects of aging studied in whole muscle cross 
sections. Muscle Nerve. 1983; 6: 588-595. 

Lexell J, Taylor CC, Sjostrom A What is the cause of the ageing atrophy? Total 

number, size and proportion of different fibre types studied in whole mtus latendis 

muscle from 15-83- year old men. J Neurol Sci. 1988; 84: 275-294. 

Li CL, Bak A. Excitability characteristics of the A and C fibers in a peripheral nerve. 
Exp Neurol. 1976; 50: 67-79. 

Lindle RS, metter Ej, Lynch NA, Fleg X, Fozard JI, Tobin J, Roy TA and Hurley 

BF. Age and gender compwisons of muscle strength in 654 women and men aged 
20-93 yr. J Applied Physiol. 1997; 83: 1581-1587. 

Lippold OC, Reffearn WT, Vudo J. The rhythmical activity of groups of motor units 
in the voluntary contraction of muscle. J Physiol. 1957; 137: 473-487. 

Lippold OC. Oscillation in the stretch reflex arc and the origin of the rhythinical 8- 

12Hz C-S component of physiological tremor. J Physiol. 1970; 206: 359-382. 

197 



Lippold OCJ, Nicholls JG, Redfeam JWT. A study of the afferent discharge 

produced by cooling a mammalian muscle spindle. J Physiol. 1960; 153: 218-23 1. 

Lybarger JA, Kilbourne EM. Hyperthermia and hypothcrmia. in the elderly: an 

epidemiology review. In: homeostatic fimction and aging. Edited by Davis BB, 
Wood WG. New York: Raven. 1985; p 149-156. 

Lynch NA, Metter EJ, Lindle RS, Fozard JI, Tobin JD, Roy TA, Fleg JL, Hurley 

BF. Muscle quality. I. Age associated differences between arm and leg muscle 

groups. J Appl Physiol. 1999; 86: 188-194. 

Macaluso, A, De Vito G. Comparison between young and older women in explosive 

power output and its detenninants during a single leg-press action after optimisation 

of load. Eur J Appi Physiol. 2003; 90: 458-463. 

Macaluso A, De Vito G. Muscle sh=gth, power and adaptations to resistance 
training in older people. Eur J AppI Physiol. 2004; 91: 450-472. 

Macaluso A, De Vito G, Felici F, Nimmo MA. Mectromyogrwn changes during 

sustained contraction after resistance training in women in their 3rd and gth decades. 
Eur J Appl Physiol. 2000; 82: 418-424. 

Macaluso A, Nimmo MA, Foster JE, Cockburn K McMillan NC, Do Vito G. 

Contractile muscle volume and agonist-antagonist coactivation account for 

differences in torque between young and older women. Muscle Nerve. 2002; 25: 

858-863. 

Macaluso A, Young A, Gibb KS, Rowe DA, De Vito G. Cycling as a novel appi ach 

to resistance training increases muscle strength, power, and selected fimctional 

abilities in healthy older women. J AppI Physiol. 2003; 95: 2544-2553. 

198 



Maffluletti NA, Martin A, Babault N, Pensini M, Lucas B, Schieppati M. Electrical 

and mechanical Hmax- to- Nftnax ratio in power- and endurance- trained athletes. J 

Appi Physiol. 2001; 90: 3-9. 

Magladery JW, Porter WE, Park AM, Teasdale RD. Electrophysiological studies of 

nerve and reflex activity in normal man. TV. The two- neurone reflex and 
identification of certain action potentials from spinal roots and cord. Bull. John 

Hopkins Hosp. 1951; 88: 499-519. 

Magladery JW. Some observations on spinal reflexes in man. PfIfigers Arch. 1955; 

261: 302-321. 

Maki BE, Holliday PJ, Fernie GR. Aging and postural control. A comparison of 

spontaneous- and induced- sway balance tests. J Am Geriatr Soc. 1990; 3 8: 1-9. 

Maki BE, Holliday PJ, Topper AK. A prospective study of postural balance and risk 

of falling in an wribulatory and independent elderly population. J Gerontol Med Sci. 

1994; 49, M72-M84. 

Maki BE, Mcllroy WE. Postural control in the older adult. Clin Geriatr Mod. 1996; 

12: 635-658. 

Makinen TM, Rintamaki H, Korpelainen JT, Kampman V, Paakkonen T, Oksa J, 

Palinakas LA, Leppaluoto J, Hassi J. Postural Sway during single and repeated cold 

exposures. Aviat Space Environ Mod. 2005; 76: 947-953. 

Marsden CD. The mechanisms of physiological tremor and their significance for 

pathological tremors. In: Physiological tremor, pathological tremors and clonus. 

Progress in Clinical Neurophysiology, Vol. 5. Edited by Deamedt JE. Basel, Karger. 

1978; 1-16. 

199 



Matthews PBC. Human long-latency stretch reflexes- a new role for the secondary 

ending of the muscle spindle?. In: Feedback and Motor control in invertebrates and 

vertebrates. Edited by Bernes WJP, Gladden MIH. London, Croom Hehn- 1985; 43 1- 

439. 

Matthews PBC. Long-latency stretch reflexes of two intrinsic muscle of the human 

hand analysed by cooling the arm. J Physiol. 1989; 419: 519-538. 

Mauritz KH, Dietz V. Characteristics of postural instability induced by ischemic 

blocIdng of leg afferent. Exp Brain Res. 1980; 38: 117-119. 

McIlroy WE, Brooke JD. Within- subject reliability of the Hoffinann reflex in man. 

Electromyogr Clin Neurophysiol. 1987; 27: 401-404. 

Merletti R, Farina D, Gazzoni M, Schieroni NIP. Effect of age on muscle fimctions 

invesfisated with surfitce electromyosraphy. Muscle Nerve. 2002; 25: 65-76. 

Merletti R, Knaflitz M, De Luca'CJ. Myoelectric manifestations of fatigue in 

voluntary and electrically elicited contractions. J AppI Physiol. 1990; 69: 1810-1820. 

Merletti R, Lo Conte LR, Cisari C, Actis MV. Age related changes in surface 

myoelectric signals. Scand J Rehabil Mad. 1992; 24: 25-36. 

merletti R, LA) conte LR. Advances in processing of surfim myoclacbic signds: 
Part 1. Mod Biol Eng Comput. 1995; 33: 362-372. 

Merlotti R, Sabbahi MA, Do Luca CJ. Median fi-equency of the myoclectric signal. 
Eur J Appl Physiol Occup Physiol. 1984; 52: 258-264. 

Metter EJ, Conwit R,, Tobin J, Fozard JL Age-associated loss of power and sh-angth 

in the upper extremities in women and men. J Gerontol A Biol Sci Mod Sci. 1997; 
52: B267-B276. 

200 



Michalski WJ, S6guin JJ. The effects of muscle cooling and stretch on muscle 

spindle secondary endings in the cat. J Physiol. 1975; 253: 341-356. 

Miwa T, Miwa Y, Kanda, K. Dynamic and static sensitivities of muscle spindle 

primary endings in aged rats to ramp stretch. Neurosci Lett. 1995; 201: 179-182. 

Morimoto S, Umazurne SY, Masuda, M. Properties of spike potentials detected by 

surface electrode in intact human muscle. Jpn J Physiol. 1980; 30: 71-80 

Morita H, Shindo M, Yanagawa S, Yosbida T, Momoi H, Yanagisawa, N. 

Progressive decrease in heteronymous monosynaptic la facilitation with human 

ageing. Exp Brain Res. 1995; 104: 167-170. 

Moritani T, de Vries RA. Potential for gross muscle hypertrophy in older maL J 

Gerontol. 1980; 35: 672-682. 

Moritani T, Muro M, Kijima, A. Electromechanical changes during electrically 
induced and maximal voluntary contractions: electrophysiologic responses of 
different muscle fiber types during stimulated contractions. Exp Neurol. 1985; 88: 

471-483. 

Moritz CT, Barry BK, Pascoe MA, Enoka, RM. Discharge raft variability influences 

the variation in force fluctuations across the worldng range of a hand muscle. J 
Neurophysiol 2005; 93: 2449-2459. 

Morse Cl, Thom JM, Davies MG, Fox KR, Birch KM, Narici MV. Reduced 

plantarflexor specific torque in the elderly is associated with a lower activation 

capacity. Eur J Appl Physiol. 2004; 92: 219-226. 

201 



Mucke R, Heuer D. Behaviour of EMG-parameters and conduction velocity in 

contractions with different muscle temperature. Biomed Biochim Acta. 1989; 48: 

S459-S464. 

Murray MP, Seireg A, Scholz RC. Centre of gravity, centre of pressure and 

supportive forces during hmnan activities. J Appl Physiol. 1967; 23: 831-838. 

Mynark RG, Koceja DM. Down training of the elderly solcus H reflex with the use 

of a spinally induced balance perturbation. J Appl Physiol. 2002; 93: 127-133. 

Mynark RG, Koceja DM. Effects of age on the spinal stretch reflex. J Appl Biomech. 

2001; 17: 188-203. 

Naeije M, Zorn H. Estimation of the action potential conduction velocity in human 

skeletal muscle using the surface EMG cross-coffelation technique. Electromyogr 

Clin Neurophysiol. 1983; 23: 73-80 

Nardone A, Schieppati M. Group II spindle fibres and afferent control of stance. 
Clues from diabefic new-opathy. Clin Nomphysiol. 2004; 115: 779-789. 

Nardone A, Siliotto R, Grasso M, Schieppati M. Influence of aging on leg muscle 

reflex responses to stance pedwbation. Arch Phys Mod Rehabil. 1995; 76: 158-165. 

Nardone A, Tarantola J, Misdo G, Pismo F, Schenone A, Schiq)pafi M. Loss of 
large-diameter spindle afferent fibres is not detrimental to the control of body sway 
during upright stance: evidence from neuropathy. Exp Brain Res. 2000; 135: 155- 

162. 

Nardone A, Trarantola, J, Giordano A, Schieppad M. Fatigue effects on body 

balance. Electroencephalogr Clin Neurophysiol. 1997; 105: 309-320. 

202 



Ochoa J, Mair WG. The nonnal sural nerve in man. Il. Changes in the axons and 
Schwann cells due to ageing. Acta Neuropathol (Berl). 1969; 13: 217-239. 

Oksa J, RintwnEdd H and Rissanen S. Muscle perfonnance and electromyogram 

activity of the lower leg muscles with different levels of cold exposure. Eur J Appl 

Physiol. 1997; 75: 484-490. 

Oksa J, Rintamild H, Rissanen S, Rytky S, Tolonen U, Komi PV. Stretch- and H- 

reflexes of the lower leg during whole body cooling and local wartning. Aviat Space 

Environ Mod. 2000; 71: 156-161. 

Onambele GL, Narici W, Maganaris CN. Calf muscle- tendon properties and 

postural balance in old age. J Appl Physiol. 2006; 100: 2048-2056. 

Orr R, de Vos NJ, Singh NA, Ross DA, Stavrinos TM, Fiatarone. Singh MA. power 

training improves balance in healthy older adults. J Gerontol A Biol Sci Mod Sci. 

2006; 61: 78-85. 

Overend TJ, Cunningham DA, Paterson DH and Lefcoe MS. Thigh composition in 

young and elderly men determined by computer tomogmphy. Clin Physiol. 1992; 12: 

629-640. 

Overstall PW. Prevention of falls in the elderly. J Am Geriatr Soc. 1980; 28: 481-4. 

Paillard J. Riflexes et regulations dorigine proprioceptive chez Phomme. Amette, 

Paris 1955. 

Paintal AS. Effects of tanperature on conduction in single vastus and saphenous 

myelinated fibres of the cat. J Physiol. 1965; 180: 20-49. 

203 



Perot C, Goubel F, Mora I. Quantification of T- and H- responses before and after a 
period of endurance training. Eur J Appl Physiol Occup Physiol. 1991; 63: 368-375. 

Petrofsky JS, Lind AR. Ile influence of temperature on idie amplitude and 
frequency components of the EMG during brief and sustained isometric contractions. 
Eur J Appl Physiol. 1980; 44: 189-200. 

Phillips SK, Bruce SA, Newton D, Woledge RC. The weakness of old age is not due 

to failure of muscle activation. J Gerontol. 1992; 47: M45-M49. 

Phillips SK, Rook KM, Siddle NC, Bruce SA, Woledge RC. Muscle weakness in 

women occurs at an earlier age than in men, but strength is preserved by hormone 

replacement therapy. Clin Sci. 1993; 84: 95-98. 

Pierrot-Deseilligny E, Mazevet D. IMe monosynaptic reflex: a tool to investigate 

motor control in humans. Interests and limits. Neurophysiol Clin. 2000; 30: 67-80. 

Pinniger GJ, Nordlund MM, Steele JR, Cresswell AG. H reflex modulation during 

passive lengthening and shortening of the triceps surae. J Physiol. 2001; 534: 913- 

923. 

Piper HE. Elektophysiologie Menschlicher Muskeln. Berlin, Spinger 1912. 

Porter MM, Vandervoort AA, Lexell J. Aging of human muscle: shuctutne, fiinction 

and adaptabifity. Scand J Mod Sci Sports. 1995; 5: 129-142. 

Pousson M, Lepers R, Van Hoecke J. Changes in isokinetic torque and muscular 

activity of elbow flexors muscles with age. Exp Gerontol. 2001; 36: 1687-1698 

204 



Prieto TE, Myklebust JB, Hoffmann RG, Lovett EG, Myklcbust M. Measures of 

postural steadiness: Differences between healthy young and elderly adults. IEEE 

Trans on Biomed Eng. 1996; 43: 956-966. 

Prieto TE, Myklebust JB, Myklebust BM. Charaterization and modelling of postural 
steadiness in the elderly: a review. IEEE Trans on Rehabil Eng. 1993; 1: 26-34. 

Quetelet A, Sur I'homme et le ddvelopment de sesfacultis. Paris, Bachelier. 1835. 

Quintern J, hnmisch I, Albrecht H, Pollmann W, Glasauser S, Straube A. Influence 

of visual and proprioceptive afferences on upper limb ataxia in patients with multiple 

sclerosis. J Neurol Sci. 1999; 163: 61-69. 

Racinais S, Blonc S, Hue 0. Effects of active warm-up and diurnal increase in 

temperature on muscular power. Med Sci Sports Exerc. 2005; 37: 2134-2139 

Rall. JA, Woledge RC. Influence of temperature on mechanics and energetics of 

muscle contraction. Am J Physiol. 1990; 259: R197-R203. 

Rao RS, Krinke G. Changes in the number and size of myclinated axons in the rat IA 

dorsal spinal root. Acta Anat (Basel). 1983; 117: 187-192. 

Ranatunga, KW, Scarpe B, Tumbull B. Contractions of a hunum skeletal muscle at 
different tanperatures. J Physiol. 1987; 390: 383-395. 

Ranatunga KW, Wylie SR. Temperature dependent trwisitions in isometric 

contmctions of rat muscles. J Physiol. 1983; 339: 87-95. 

Ranatunga, KW. Temperature dependence of mechanical power output in mammalian 
(rat) skeletal muscle. Exp Physiol. 1998; 83: 371-376. 

205 



Ranatunga KW. Temperature- dependence of shortwing velocity and rate of 
isometric tension development in rate skeletal muscle. J Physiol. 1982; 329: 465-483. 

Ranatunga KW. The force- velocity relation of rat fast- and slow- twitch muscles 

examined at different temperatures. J Physiol. 1984; 351: 517-529. 

Rantanen. T, Avela J. Leg extension power and walking speed in very old people 
living independently. J Gerontol A Biol Sci Med Sci. 1997; 52: M225-M23 1. 

Reinking RM, Stephens JA, Stuart DG. The tendon organs of cat medial 

pstrocnermus: significance of motor unit t3W and size for the activation of I 

affemts. J Physiol. 1975; 250: 491-512. 

Rome LC. Influence of tempemture on muscle recruitment and muscle fimction in 

vivo. Am J Physiol. 1990; 259: R210-R222. 

Roos MR, Rice CL, Connelly DM, Vandervoort AA. Quadriceps muscle strength, 

contractile properties, and motor unit firing rates in young and old men. Muscle 

Nerve. 1999; 22: 1094-1103. 

Roos MR, Rice CL, Vandervoort AA. Age- related d=ges in motor unit function. 
Muscle Nerve. 1997; 20: 679-690 

Rossini PM, Desiato Nff, Caramia MD. Ap-related changes of motor evoked 
potentials in healthy humans: non-invasive evaluation of central and peripheral 

motor tracts excitability and conductivity. Brain Res. 1992; 593: 14-19. 

Rudman D, Feller AG, Nagraj HS, Gergans GA, Lalitha. PY, Goldberg AF, 

Schlenker RA, Cohn L, Rudman IW, Mattson DE. Effects of human growth hormone 

in men over 60 years old. N Engl J Med. 1990; 323: 1-6. 

206 



Rudomin P, Schmidt RF. Presynaptic inhibition in the vettebrate spinal cord 

revisited. Exp Brain Res. 1999; 129: 1-3 7. 

Rutkove SB, Kothari MJ, Shefner JM. Nerve, muscle, and neuromuscular junction 

electrophysiology at high temperature. Muscle Nerve. 1997; 20: 431-436. 

Rutkove SB. Effects of temperature on neuromuscular electrophysiology. Muscle 

Nerve. 2001; 24: 867-882. 

Rutkove SB. Pseudofacilitation: A temperature-sensifive phenomenon. Muscle 

Nerve. 2000; 23: 115-118. 

Sabbahi MA, Sedgwick EM. Age- related changes in monosynaptic reflex 

excitability. J Gerontol A Biol. Sci Med Sci. 1982; 37: 24-32. 

Sargeant AJ, Rademaker A. Human muscle power in the locomotory range of 

contraction velocities increases with temperature due to an increase in power 

generated by type I fibres. J Physiol. 1996; 491: 128P. 

Sargeant AJ. Effect of muscle temperature on leg extension force and short- tam 

power output in humans. Eur J Appl Physiol. 1987; 56: 693-698. 

Scaglioni G, Ferri A, Minetti AE, Martin A, Van Hoocke J, Capodaglio P, Sartorio 

A, Narici MV. Plantar flexor activation capacity and H reflex in older adults: 

adaptations to strength bmining. J Appl Physiol. 2002; 92: 2292-2302. 

Scaglioni 0, Narici MV, Maf! fiuletti NA, Pensini M, Martin A. Effect of ageing on 

the electrical and mechanical properties of human solcus motor units activated by the 

H reflex and M wave. J Physiol. 2003; 548: 649-661. 

207 



Schieppati M. The Hoffinann reflex: a means of assessing spinal reflex excitability 

and its descending control in man. Prog Neurobiol. 1987; 28: 345-376. 

Schlicht J, Camaione DN, Owen SV. Effect of intense sbmgth hvining on standing 
balance, waBdng speed, and sit-to-stand performance in older adults. J Gerontol A 
Biol Sci Med Sci. 2001; 56: M281-M286. 

Schmid M, Conforto S, Camomilla V, Capozzo A, D'Alessio T. ne sensitivity of 

posturographic parameters to acquisition settings. Med Eng Phys. 2002; 24: 623-63 1. 

Schmidt RE Presynaptic inhibition in the vertebrate central nervous system. Ergeb 

Physiol. 197 1; 63: 20- 10 1. 

Schmidtbleicher D. Training for power events. In: Strength and power in sport. 
Edited by Komi PV. Blackwell, London. 1992; p 381-395. 

Schultz AB, Ashton-Miller JA, Alexander NB. What leads to age and gender 
differences in balance maintenance and recovery? Muscle Nerve. 1997; 5, S60-S64. 

Scottish Executive. Scottish House Condition Survey- Fuel Poverty Report - 
2003/04.2006; 

bqp: //www. scottishexecutive-Rov. uk/Publications/2006/11/23092121/0. 

Sernmler JG, Nordstrom MA. Motor unit discharge and force tremor in ddll- and 
strength trained individuals. Exp Brain Res. 1998; 119: 27-38. 

Semmler JG, Steege JW, Kornatz, KW, Enoka RM. Motor unit synchronization is 

not responsible for larger motor unit forces in older adults. J Neurophysiol. 2000; 84: 

358-366. 

209 



Seynnes 0, Hue OA, Gan-andes F, Colson SS, Bernard PIý Legros P, Singh MAF. 

Force steadiness in the lower extrenfities as an independent predictor of functional 

performance in older women. J Aging Phys Activ. 2005; 13: 395-408. 

Short KR, Nair KS. Mechanisms of sarcopenia of aging. J Endocrinol Invest. 1999; 

22: 95-105. 

Simoneau E, Martin A, Van Hoecke J. Muscular performances at the ankle joint in 

young and elderly men. J Gerontol A Biol Sci Mad Sci. 2005; 60: 439-447. 

Skelton DA, Greig CA, Davies JM, Young A. Strength, power and related fimctional 

ability of healthy people aged 65-89 years. Age Ageing. 1994; 23: 371-377. 

Skelton DA, Philips SK, Bruce SA, Naylor CH, Woledge RC. Hormone replacement 

therapy increases isometric muscle strength of adductor pollicis in post- menopausal 

women. Clin Sci. 1999; 96: 357-364 

Skelton DA, Young A, Greig CA, Malut KE. Effects of resistance training on 

strength, power, and selected functional abilities of women aged 75 years and older. 
J Am Geriatr Soc. 1995; 43: 1081-1087. 

Smolander J. Effect of cold exposure on older humans. Int J Sports Mad. 2002; 23: 
86-92. 

Solomonow M, Baratta R, Bernardi M, Zhou M, Lu Y, Zhu M, Aciano S. Surfice 

and wire EMG crosstalk in neighbouring muscles. J Electromyog Kinesiol. 1994; 4: 

131-142 

Solomonow M, Baten C, Smit J, Bamtta R, Hermens H, D'Ambrosia It, Shoji H. 

Electromyograin power spectra fiequencies associated with motor unit reaWtMent 

strategies. J Appl Physiol. 1990; 68: 1177-1185 

209 



Spencer JD, Hayes KC, Alexander U. Knee joint effusion and quadriceps reflex 
inhibition in man. Arch Phys Mod Rehab. 1984; 65: 171-177. 

Stalberg E, Borges 0, Ericsson M, Essen-Gustavsson B, Fawcett PR, Nordesio LO, 

Nordgren B, Uhlin R. The quadriceps femoris muscle in 20-70-year-old subjects: 

relationship between knee extension torque, electrophysiological parameters, and 

muscle fiber characteristics. Muscle Nerve. 1989; 12: 382-389. 

Stalberg E, Fawcett PR. Macro EMG in healthy subjects of different ages. J Neurol 

Neurosurg Psychiatry. 1982; 45: 870-878. 

Steffens H, Schomburg ED. Convergence in segmental reflex pathways from 

nociceptive and non- nociceptive afferents to (x- motoneurones in the cat. J Physiol. 

1993; 466: 191-211. 

Stegeman DF and De Weerd JP. Modelling compound action potentials of 

paipheral nerves in situ. Il. A study of the influence of temperature. 

Electroencephalogr Clin Neurophysiol. 1982; 54: 516-529. 

Stein RB. Presynaptic inhibition in humans. Prog Neurobiol. 1995; 47: 533-544. 

Stelmach GE, Worringham CJ. Sensorimotor deficits related to postural stability. 
Iraplications for falling in the elderly. Chn Geriatr Mod. 1985; 1: 679-94. 

Stevens JE, Stackhouse SK, Binder- Macleod SA, Snyder- Madder L. Are voluntary 

muscle activation deficits in older adults meaningful? Muscle Nerve. 2003; 27: 99- 

101. 

Stewart D, Macaluso A, De Vito G. The effect of an active warm-up on surface 
EMG and muscle performance in healthy humans. Eur J AppI Physiol. 2003; 89: 

509-513. 

210 



Stulen FB, De Luca CJ. The relation between the myoelectric signal and 

physiological properties of constant-force isometric contractions. Electroencephalogr 

Clin Neurophysiol. 1978; 45: 681-698. 

Swash M, Fox KP. The effect of age on human skeletal muscle. Studies of the 

morphology and innervation of muscle spindles. J Neurol Sci. 1972; 16: 417-432. 

Taylor A, Steele J, Enoka R. Increased variability of motor unit discharge rate 
decreases the steadiness of the summated isometric contraction (Abstract). 
Physiologist. 2000,23: 321. 

Taylor AM, Christou EA, Enoka RM. Multiple features of motor-unit activity 
influence force fluctuations during isometric contractions. J Neurophysiol. 2003; 90: 

1350-1361. 

Taylor AM, Steege JW, Enoka RM. Motor-unit synchronization alters spike 
triggered average force in simulated contractions. J Neurophysiol 2002; 88: 265-276. 

Tenover JS. Effects of testosterone, supplementation in the aging nude. J Clin 

Endocrinol Metab. 1992; 75: 1092-1098. 

Thelen DG, Schultz AB, Alexander NB, Ashton-Miller JA. Effects of age on rapid 

ankle torque development. J Gerontol, A Biol Sci Med Sci. 1996; 51: M226-M232. 

Thompson LV. Effects of age and bvining on skeletal muscle physiology and 
performance. Phys Ther. 1994; 74: 71-81. 

Thomley LJ, Maxwell NS, Cheung SS. Local tissue tanperature effects on peak 
torque and muscular endurance during isometric knee extensions. Eur J Appl Physiol 

2003; 90: 588-594. 

211 



Toft E, Sinkjaer T, Espersen GT. Quantitation of the stretch reflex. Technical 

procedures and clinical applications. Acta Neurol Scand. 1989; 79: 384-390. 

Tomlinson BE, Irving D. The number of limb motor neurons in the human 

lumbosacral cord throughout life. J Neurol Sci. 1977; 34: 213-219. 

Tomonaga, M. Histochernical and ultrastructural changes in senile human skeletal 

muscle. J Am Geriatr Soc. 1977; 25: 125-13 1. 

Tracy BL, Enoka RM. Older adults are less steady during submaximal isometric 

contractions with the Imee extensor muscles. J Appl Physiol. 2002; 92: 1004-1012. 

Trimble MH, Koceja DM. Modulation of the triceps surae H-reflex with training. Int 

J Neurosci. 1994; 76: 293-303. 

Tsuruike M, Koceja DM, Yabe K, Shima, N. Age comparison of H-reflex 

modulation with the Jendrissik maneuver and postural complexity. Clin 

Neurophysiol. 2003; 114: 945-953. 

Urban RJ, Bodenburg YH, Gilidson C, Foxworth J, Coggan AR, Wolfe RR, 

Ferrando A. Testosterone administration to elderly men increases skeletal muscle 

strength and protein synthesis. Am J Physiol. 1995; 269: E820-826. 

Urbscheit N, Bishop B. Effects of Cooling on the Ankle Jak and H- Response. Phys 
Ther. 1970; 50: 1041-1049. 

Vaillancourt DE, Larsson L, Newell KM. Effects of aging on force variability, single 

motor unit discharge patterns, and the structure of 10,20, and 40 Hz EMG activity. 
Neurobiol Aging. 2003; 24: 25-35. 

212 



Vaillancourt DE, Newell KM. Aging and the time and fi-equency structure of force 

output variability. J AppI Physiol. 2003; 94: 903-912. 

Valkeinen H, Ylinen J, Mallda E, Alen M, Hakidnen K. Maximal force, forceltime 

and activation/coactivation characteristics of the neck muscles in extension and 
flexion in healthy men and women at different ages. Eur J Appl Physiol. 2002; 88: 

247-254. 

Vandervoort AA, Hayes KC. Plantarflexor muscle fimction in young and elderly 

women. Eur J Appl Physiol Occup Physiol. 1989; 58: 389-394. 

Vandervoort AA, McComas AJ. Contractile changes in opposing muscles of the 

human ankle joint with aging. J Appl Physiol. 1986; 61: 361-367. 

Vandervoort AA. Aging of the human neuromuscular system. Muscle Nerve. 2002; 

25: 17-25. 

Wang G, Kawai M. Effect of temperature on elementary steps of the cross-bridge 

cycle in rabbit soleus slow-twitch muscle fibres. J Physiol. 2001; 531: 219-234 

Weiss JA, White JC. Correlation of IA afferent conduction with the ataxia of Fishers 

syndrome. Muscle Nerve. 1986; 9: 327-332. 

Welle S, Thornton C, Statt M, McHenry B. Growth hormone increases muscle mass 

and strength but does not rejuvenate myofibrillar protein synthesis in healthy subjects 

over 60 years old. J Clin Endocrinol Metab. 1996; 81: 3239-3243. 

Willimns LR, Sullivan SJ, Seaborne DE, Morelli M. Reliability of individual 

differences for H-reflex recordings. Electromyogr Clin Neurophysiol. 1992; 32: 43- 

49. 

213 



Wood L, Nicol DJ, Thulin CE. The effects of sIdn bmshing on H reflex wnplitude in 

normal human subjects. Exp Physiol. 1998; 83: 175-183. 

Wretling ML, Gerdle B, Henriksson- Larsen K. EMG: a non-invasive method for 

determination of fibre type proportion. Acta Physiol Scand. 1987; 131: 627-628. 

Yamada H, Masuda T, Okada M. Age-related EMG variables during maximum 

voluntarY contraction. Percept Mot Skills. 2002; 95: 10-14. 

Yao W, Fuglevand RJ, Enoka, RM. Motor unit synchronization incnmm EMG 

amplitude and decreases steadiness of simulated contractions. J Neurophysiol. 2000; 

83: 441452. 

Yousef MK, Golding LA. Thermal homeostasis and aging. In: Milestones in 

environmental physiology. Edited by Yousef MK. The Hague, SPB Academic. 1989; 

53-61. 

Yue GH, De Serres SJ, Enoka. RM. Older adults exhibit a reduced ability to 

maximally activate their elbow flexors. Soc Neurosci Abstr. 1996; 22: 1099. 

Yue GH, Ranganathan VK, Siemionow V, Liu JZ, Sahgal V. Older adults exifibit a 
reduced ability to fidly activate their biceps brachii muscle. J Gerontol A Biol Sci 

Mod Sci. 1999; 54: M249-M253. 

Zehr EP, Heskeffi KL, Chua, R. Differential regWation of cutaneous and H reflexes 
during leg cycling in humans. J Neurophysiol. 2001; 85: 1178-1185. 

Zehr EP, Stein RB. Interaction of the Jendrassik maneuver with segmental 

presynaptic inhibition. Exp Brain Res. 1999; 124: 474-480. 

Zhao Y, Kawai A Kinetic and thermodynamic studies of the cross-bridge cycle in 

rabbit psoas muscle fibers. Biophys J. 1994; 67: 1655-1668. 

214 



APPENDIX 1.1: SUWECTS INFORMATION FOR CHAPTER 2 

Sublect Informadon 

Effects of altered local temperature on neuromuscular performance 

Applied Physiology Group, University of Strathclyde, Jordanhill Campus, 76 

Southbrae Drive, Glasgow, G13 IPP 

Investhmtors 

Susan Dewhurst, PhD student; Dr. Giuseppe, De Vito, Medical Doctor, Phl), 

Reader of exercise physiology, Dr. Andrea Macaluso, Medical Doctor, PhD. 

STUDY OUTLINE 

Background: Recent investigations into the effects of ageing on different 

parameters of the body have revealed that older people demonstrate a reduced ability 
to respond to changes in the environment such as extreme changes in external 
temperature. Cooling of the limbs is known to have a detrimental effect on reflex 

responses which are slowed down. In younger individuals muscle warming is known 

to have advantageous effects on both muscle strength and power, whereas cooling has 

detrimental effects on performance. The extent to which altered temperature affects 
the mobility and therefore the functional ability has of yet not bow investigated in 

older individuals. Do they tend to be more affected than their younger counteq=U as 

with reflex responses? 

Aims: From the above rationale it is our aim to assess the effect of both 

elevated and reduced muscle temperature on the strength and power of both young 

and older females. In addition, the underlying mechanisms responsible for any 

changes will be investigated. 

Relevance of research: The information gained from this study will be of 

paramount importance since the proportion of older adults is continuously growing in 
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our society. An increased knowledge of the ageing processes could allow a better 

development of preventative strategies to reduce the incidence of functional 

incapacities and help maintain independence. 

What you Pet out of thh: You are likely to find the experience of being a 

subject for scientific research very interesting and your knowledge of the ageing 

process of your body will be greatly increased. Testing will be carried out within an 
informal-atmosphere. To enhance your enjoyment of the experience drinks and snacks 

will be provided after the testing is complete. Where necessary, taxis will be provided 
to and from the University campus. Most of all you will have the satisfaction of 
knowing you have done your bit for research into ageing. 

Possible risks and discomfort:. As we will be measuring muscle temperature 

a thin, flexible needle will be inserted into your leg which may cause slight 
discomfort.. To minimise the risk of discomfort only persons trained and qualified in 

this technique will insert the needle. Testing will be stopped and the needle removed 

at any point should you request. After a short time (usually a couple of minutes) you 

will be unaware that the needle is in place. 

Sublect s [on: You will be one of 30 female subjects who will be assessed 
in this study (15 young subjects, 15 older subjects). Young subjects will be between 

the ages of 18-28 years and older subjects will be between the ages of 65-75 years. 
Heart activity will be recorded using an electrocardiogram and analysed by a 

physician for those young subjects who are not training regularly. Young subjects 

should be healthy with no known neuromuscular disorders and should not be 

exercising more than twice a week. Older subjects should be in good health, this will 
be confirmed prior to testing with a medical questionnaire and a recording of the heart 

activity will be performed using an electrocardiogram to ensure normality. Before 

testing commences you will be again advised of all procedures and will be asked to 

give signed consent. You will be free to withdraw at any stage without giving 

reason. 
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Methods: You will attend the laboratory situated at the Jordanhill ewnpus of 

the University of Strathclyde on 2 separate occasions- one familiarisation session and 

one testing session. 

VISIT I- FamiHarlsation: 

* This will last about 1.5 hours. Shorts, T- shirt and trainers/ soft shoes are required. 

9 The familiarisation session will commence at least 7 days before the testing 

session. 

9 Elechwardiogram will be recorded and analysed by a physician and medical 
details will be discussed and a questionnaire completed to ensure suitability to the 

tests. Consent forms will be completed. 

e All subjects will receive a verbal explanation of all procedures including a 
dernonstration and familiarisation of all procedures. 

VISIT 2: Testinp. Session 

e This will take around 4.5 hours. Shorts, T shirt and trainers/ soft shoes are 

requested. 

* To control for honnonal influences of the menstrual cycle young subjects will be 

requested to complete the testing session within the first two weeks of the 

menstnml cycle after the onset of menses. 

o Tests will conunence in the momin& Activity levels should be kept to aii 
before, testing. You are requested to refi-ain from caffeine and alcohol ingestion 24 

hours before the test. 

o Height and weight will be measured. Skinfold n- (thicimess of the slcin) 
will be taken fiom the thigh. This is a pain free procedure using specialised 

calipers. 

* The testing session will consist of trials with resting muscle temperature, 

increased muscle temperature and reduced muscle temperature. 

o Prior to the testing session a flexible neeffie (used to measure muscle temperature) 
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is inserted Ian below the layer of skin in the thigh. Sidn thermistors (used to 

measure skin temperature) are attached (on top of the skin) to the front and back 

of the thigh. Body temperature will be measured using an infiared beam into the 

ear (similar to the one use to monitor the presence of fever). 

Surface electrodes will be placed front and back of the thigh. These are self 

adhesive strips which are attached to the skin. These record the electrical activity 

of the muscle and are totally painless. 

The testing session consists of a series of maximum leg extension exercises. This 

is to test of the strength of your thigh muscles, whereby you will be asked to push 

against resistances of different weights. The machine used is similar to the 

machines seen in modem gyms but adapted to each individual physical capability. 
The testing session will be repeated for 3 different muscle temperatures (normal, 

cold, warm). Rests will be provided betw een temperature conditions and 

whenever requested. 

The muscles at the front of the thigh will be warmed using hot water bottles and 

cooled using a bag of compressed ice. 

All techniques have been approved by the University of Strathclyde ethics 

committee. 

Confidenthditv: 

All data will be dealt with under the strictest of guidelines and according to the 
Data Protection Act. You will be numerically coded and your data will be discussed 

amongst the lead investigators only. 

Further lnfqýflon: 

If you think you might be interested in in this study or if you 

would like any fivther information please; do not hesitate to contact me. 

Susan Dewhurst Work no. 0141950 3109 

Email. s. dewhurst@shu&ac. uk 
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APPENDIX 1.2: SUBJECT INFORMATION FOR CHAPTERS 3 AND 4 

Sublect Information 

Influence of age and muscle temperature on balance control and spinal reflex 

excitability 

Applied Physiology Group, Strathclyde Institute for Biomedical Sciences, 

University of Strathclyde, Jordanhill Campus, 76 Southbrae Drive, Glasgow, G 13 1 PP 

Invesftaton 

Susan Dewhurst, PhD student; Dr. Giuseppe De Vito, Medical Doctor, Reader 

of exercise physiology 

STUDY OUTLIM 

Baclaground: The control of balance is of primary concern within the older 

population. Poor balance has been identified as a contributor to the greater incidence 

of falls within this population and injury as a consequence of failing is a primary 
health concern. One important neuromuscular mechanism identified as being 

important in balance control is the spinal reflex systeme, which partially determines 

your ability in maintaining or reganung balance. Ageing has been shown to be 

associated to a worsening of the integrity of this reflex system. -In young subjects this 

reflex system has been shown to deteriorate when the muscles are cooled, suggesting 

reduced balance control and therefore an increased likelihood of falls. It is therefore 

of interest to assess whether this also occurs in the older adult when muscles are 

cooled and to what extent this further decreased reflex control would have on balance. 

On the other hand it is also of interest to investigate if an increased muscle 

temperature could have the potential to improve the reflex response when responding 

to situations of instability, therefore, allowing for more efficient balance control. 
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Aims: From the above rationale it is our aims to asmw the effects of both 

elevated and reduced muscle temperature on balance control and spinal reflex 

responses in young and older females. 

Relevance of research: The information gained from this study will be of 

paramount importance since the proportion of older adults is continuously growing in 

our society and an augmented knowledge in this sensitive am could allow a better 

development of preventative strategies to reduce the incidence of falls and consequent 
injuries in this population. 

what von get out of this: You are likely to find the experience of being a 

subject for scientific research very interesting and your knowledge of the ageing 

process of your body will be greatly increased. Testing will be carried out within an 
informal-atmosphere. To enhance your enjoyment of the experience drinks and snacks 

will be provided after the testing is complete. Older subjects will be supplied with a 
T- shirt and a skirt for the duration of the test and taxis will be provided to and fi=n 

the University campus. Most of all you will have the satisfaction of knowing you have 
done your bit for research into ageing. 

Possible risks and discomfort:. As we will be measuring muscle temperature 

a thin, flexible needle will be inserted into the leg which may cause slight discomfort. 

To minimise the risk of discomfort only persons trained and qualified in this 

technique will insert the needle. Testing will be stopped and the needle removed, at 

any point should you request. During the balance assessment if balance is particularly 

poor then there is slight risk of losing balance and possibly fidling. This risk will be 

minimised by having an investigator at the side of the subject at all times during the 
balance test to provide support if necessary. 

Sublect se on: You will be one of 20 female subjects who will be assessed 
in this study (10 young subjects, 10 older subjects). Young subjects will be between 

the ages of 18-28 years and older subjects will be between the ages of 65-75 yews. 
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Young subjects should be healthy with no known neurornuscular disorders and should 

not be exercising more than twice a week. Older subjects should be in good health 

(this will be confirmed with verbal questioning). Before testing commences you will 
be again advised of all procedures and will be asked to give signed consent. You win 
be free to withdraw at any stage without giving reason. 

Methods: You will attend the laboratory situated in the Scottish School of 
Sport Studies building on the Jordanhill campus of the University of Straftlyde on 2 

separate occasions- one familiarisation session and one tesfing session. 

VISIT 1- Familiarisation (see Diagram gk): 

9 This will last about 30 minutes. Shorts, T- shirt and trainers required (young 

subjects), trainers required (older subjects- T-shirt and skirt will be sWlicd if 

necessary). 

o The familiarisation session will conunence at least 7 days before the testing 

session. 

9 Medical details will be discussed to ensure suitability to the tab and consent 
forms will be completed. 

* All subjects will receive a verbal explanation of all procedures including a 
danonstration and familiarisation of all procedures. 

VISff 2: Testine SeSsion (Diatram vM 

9 This will take around 5 hours, wearing the clothing detailed in the fimiliarisation. 

9 To control for hormonal influences of the menstrual cycle young subjects will be 

requested to complete the testing session within the first two weeks of the 

menstrtml cycle after the onset of menses. 

9 Tests will commence in the morning. Activity levels should be kept to aii 

before testing. You are requested to refi-ain from caffeine and alcohol ingestion 24 

hours before the test. 
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o Height and weight will be measured. Skinfold measures (thicimess of the sidn) 

will be taken from 2 sites on the leg. This is a pain fi-ee procedure using 

specialised calipers. 

* The testing session will consist of three sets of trials, one with resting muscle 

temperature (control trial), one with increased muscle temperature and one with 

reduced muscle temperature 

* In the control trial you will sit relaxed for 30minutes while a flexible needle (used 

to measure muscle temperature) is inserted I cm below the layer of skin. SIdn 

thermistors (used to measure sIdn temperature) are attached (on top of the sidn) to 

the upper and lower leg. Body temperature will be measured using an inffared 

beam into the ear (similar to the one use to monitor the presence of fever). 

e Reflex measurements will be taken. The first measurement involves sitting 

relaxed on customised chair while a short low amplitude current is passed into the 

nerve at the back of the knee. Ile second measurement involves resting the foot 

on a footpl4te that rotates the ankle so the foot moves up and down. 

e Postural assessments will then be completed. Spectacles can be worn if required to 

help focus on a visual target. 

9 You will then have a break before the trial is repeated with heated and cooled 

muscles which will be administered at random. 

* Muscle heating and cooling will be done using an electric heated blanket and a 
cool blanket respectively until the required muscle temperature is achieved. 

9 All techniques will be approved by the University of Strafficlyde ethics 

committee. 

Confidenthffity: 

All data will be dealt with under the strictest of guidelines and according to the 
Data Protection Act. You will be numerically coded and your data will be discumed 

amongst the lead investiptors only. 

Further Information: 
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If you think you might be interested in participating in this study or if you 

would like any finther information please do not hesitate to contact me. 

Susan Dewhurst Work no. 0141950 3753 

Mobile no. 07813991624 

Email. s. dewhurst@strath. ac. uk 
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APPENDIX 13: SUBJECT INFORMATION FOR CHAPTERS 

Subiect Information (Enefish translation) 

Effects of temperature on force fluctuations and muscle fibre properties dunng 

sustained contwdons 

Center for Sensory- Motor Interaction (SMI), Department of Health, Science 

and Technology, Aalborg University, Fr. Bajers Vej 7D3, Aalborg. 

Invesdntors 

Susan Dewhurst, PhD student; Associate Professor Dario Farina, PhD; 

Associate Professor Thomas Graven-Nielsen, PhD 

STUDY OUTLINE 

BackWound: Recent investigations into the effects of ageing on diftemnt 

parameters of the body have revealed that older people demonstrate a reduced ability 
to respond to changes in the environment such as extreme changes in external 

temperature. In younger individuals muscle warming is known to have advantageous 

effects on both muscle strength and power, whereas cooling has detrimental effects on 
the performance of varying tasks. Ile extent to which altered muscle temperature 

affects the performance of tasks in older individuals is less clear, however previous 

studies by the investigators have suggested that -'jL rue is less afiwted by 

temperature in this group. The reasons for this difference have not yet been 

investigated. 

Ahns: From the above rationale it is our aim to investigate the underlying 

mechanisms responsible for differences in the response to altered temperature 
between younger and older individuals by looldng at what happens to a very small 

area of the muscle when it produces a very small force for a period of 3 minutes at 
different muscle temperatures. 
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Relevance of research: The information gained from this study will be of 

paramount importance since the proportion of older adults is continuously growing in 

our society. An increased knowledge of the ageing processes could allow a better 

development of preventative strategies to reduce the incidence of fimcdonal 

incapacities and help maintain independence. 

What vou Peet out of this: You are likely to find the experience of being a 

subject for scientific research very interesting and your knowledge of the ageing 

process of your body will be greatly increased. Testing will be carried out within an 
informal-atmosphere, and you will be paid 300 DKK. Most of all you will have the 

satisfaction of knowing you have done your bit for research into ageing. 

Possible risks and discomfort: 
" 
As we will be, measuring muscle temperature 

a thin, flexible wire will be insetted beneath the sIdn through a needle. The needle 

will be removed immediately after the wire is in position. To measure the activity of 
the muscle very thin wires will be inserted beneath the sIdn again through a fine 

needle (again this will be removed immediately after insertion). This process may 

cause slight discomfort during the incision however once the needles are removed you 

should be unaware of the wires. To minimise the risk of discomfint only persons 

trained and qualified in this technique will insert the needle. Testing will be stopped 

and the wires removed at any point should you request. 

At all stages of the experiment a qualified medical doctor will be present 

Sublect n: You will be one of 30 female subjects who will be assessed 
in this study (15 young subjects, 15 older subjects). Young subjects will be between 

the ages of 18-28 years and older subjects will be between the ages of 65-75 yews. 
Young subjects should be healthy with no known neuromuscular disorders and should 

not be exercising more than twice a week. Older subjects should be in good health; 

this will be confirmed prior to testing with a medical questionnaire which will be 

checked by a qualified medical doctor. Before testing commences you will be 

advised of all procedures and will be asked to give signed consent. You wM be ftee 

to withdraw at any stage without giving reason. 
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Methods: Prior to visiting the university older subjects will be phoned by a 

native Danish speaker and will be provided with further details about the visit. You 

will then be sent out a detailed medical questionnaire in which you will be asked to 

complete to confirm your health status. If the medical questionnaire is satisfactory 
(confirmed by a qualified medical doctor in the department), you will attend the 

laboratory situated in Aalborg University. The details of this visit are detailed below. 

As it is the muscles of the bottom half of the leg we will be studying, 

volunteers are requested to wear trouser (or a skirt) that can be comfortably 

rolled up above the knee. Tights should be avoided or removed. 

At the time of your appointment you will be met by one of the investiptors 

who will show you to the room in which the testing will take place. 

All subjects will receive a verbal explanation of all procedures including a 
demonstration and familiarisation of all procedures. 

9 Consent forms will be completed. 

Activity levels should be kept to a minimum before testing. You are requested to 

refrain from caffeine on the day of test and alcohol ingestion 24 hours Wore the 

test. 

o Height and weight will be measured. 

The session will consist of trials with resting muscle temperature, increased 

muscle temperature and reduced muscle temperatm. 

Prior to the testing session a flexible wire (used to measure muscle 1. ture) is 

inserted below the skin at the muscle of the front of the leg. Skin theftnistors, (used 

to measure skin temperature) are attached on top of the skin. This is totally 

painless. Body temperature will be measured using an infimed beam into the ear 
(routinely used to monitor the presence of fever). 

Surface electrodes will be placed at the front of the leg. These are self adhesive 
strips which are attached to the skin. These record the electrical activity of the 

muscle and are totally painless. 
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e The testing session consists of you being asked to point your foot upwards 

pushing against a pad. This will allow us to record the muscle at the fi-ont of the 

leg which is causing this movement. You will be asked to push as hard as possible 

against the pad for 5 seconds only. For the 3 different muscle 
(normal, cold, warm) you will be asked to push against the pad at very low force 

levels. Rests will be provided between temperature conditions and whenever 

requested. 

9 The muscles at the front of the t1figh will be warmed using a warm heat lamp and 

cooled using a bag of compressed ice. 

e All techniques have been approved by both Aalborg University and University of 
Strathclyde ediics conunittees. 

* At all times there will be a qualified medical doctor and native Danish 

speaker present 

Confidendalit-v: 

All data will be dealt with under the strictest of guidelines and according to the 

Data Protection Act in accordance to both Aalborg University and University of 

Strathclyde. You will be numerically coded and your data will be discussed amongst 
the lead investigators only. 

Further Information: 

If you think you might be interested in participating in this study or if you 

would like any fiffther inforniation please do not hesitate to contact me. 

Susan Dewhurst Office no. 96358820 

Email. s. dcwhurstQsh-a%. ac. uk 

Or 

Thomas Graven- Nielsen (native Danish speaker) 

Office no. 96359832 

Email. tgn@smi. amLdk 
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APPENDIX 21: CONSENT FORM FOR CHAPTER 6 

Consent Form (English Translation) 

Musclefibre conducdon velocity during sustained contracdons 

with localised warming and cooling. 

You are invited to participate in the present study on the effects of temperature 

on muscle properties in which you will be requested to complete a series of 

contractions using the muscles at the front of the lower leg. The contmctions will be 

repeated after the muscles have been both cooled and warmed. 

To monitor muscle activation, 2 very fine wires will be inserted into the 

muscle through a fine needle. The needle will be removed immediately after insertion. 

This will be repeated a maximum of 3 times. Additionally, to measure muscle 

temperature a slightly thicker wire will be inserted using the same procedwre (once 

only). 

You will be asked to attend the laboratory on one occasion only fbr a duration 

of about 3 hours. For participation in the entire experiment you will receive payment 

of 300 kr. Participation is on a completely volunteer basis and you can withdraw at 

anytime without giving reason. 

Best regards, 

Susan Dewhurst, BSc Dario Farina, Assoc. Prof., PhD 
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Center for Sanse-Motorisk Interaktion 

Aalborg University 

Tlf 96358820 

Center for Sanse-Motorisk Interaktion 
Aalborg University 

nf: 96358799 

230 



Consent form: 

"I hereby declare that I have received the above infortnation both orally and in 

text and agree to participate in the experiment: Musclefibre conduction velocity 
during sustained contractions with locaftsed wamdng and cooling. 

I understand that participation is based on a completely voluntary basis and 

participation can be can withdraw at any time without consequences. " 

Date: 

Name: 

Signature: 

231 



APPENDIX 3: MEDICAL QUESTIONNAIRE FOR OLDER SUBJECTS (Greig 

et al. 1994) 

MEDICAL QUESTIONAHM 

NAME: DATE: 

Have you or are you suffering from: 

1. Myocardial infraction within the previous 2 years 

2. Cardiac illness: symptoms of aortic stenosis, acute peficarditis, 

Acute myocarditis, aneurysm, severe angina, clinically significant 

valvular disease, uncontrolled dysnhythmia, claudication, within 

the previous 10 years 

3 TIrombophlebitis or pulmonary embolus within the previous 

2 years 

4. History of cerebrovascular disease 

5. Acute febrile illness within the previous three months 

6. Severe airflow obstruction 

7. Uncontrolled metabolic disease (e. g. diabetes, thyroid disease) 

8. Major systemic disease active within the previous 2 years (e. g. 

Cancer, rheumatoid arthritis) 

9. Significant emotional distress, psychotic illness or depression 

within the previous 2 years 

10. Lower limb arthritis, classified by inability to peform maximal 

contraction of the lower limbs without pain 

YN 

YN 

YN 

yN 

yN 

yN 

YN 

YN 

YN 

YN 
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11. Lower limb fracture sustained within the previous 2 years YN 

12. Upper limb ftacture sustained within the previous 6 months YN 

13. Non arthroscopic lower limb joint surgery within the previous 

2 years YN 

14. Any reason for a loss of mobility for greater than I week in the 

previous 2 months or greater than 2 weeks in the previous 

6 months YN 

15. Resting systolic blood pressure >200mmHg or resting diastolic 

blood pressure >I 00mmHg YN 

16. Taking beta- blockers, or digoxin, or not in sinus rhythm (excluded 

from ergometry because of difficulty interpreting heart rate) YN 

17. On daily analgesia YN 

18. Please list all drugs, prescribed and non prescribed you are presenfly tiddng 
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MEMORANDUM 

To: Dr G De Vito, Strathclyde Institute for Biomedical Sciences 

copy Members of Ethics Ccmimittee 
Ms A Stevenson, Finance Office 

From Mrs Owen McArthur, Senior Assistant Registrar (Court) (Secretary to the Group) 

Date : 27 March 2003 

PRo, rocGL APPROVAL 

Project No: EC21 : 02/03 

Project Title: Influence of age and muscle temperature on postural control and spinal reflex excitability 

Investiptors: Dr G De Vito, Professor MA Nnnmo, Ms S Dewhunt. Pbstgraduate Student, Applied 
Physiology Group, Strathclyde Institute for Biomedical Sciences 

Location: Applied Physiology Laboratory, Scottish School of Sport Studies 

Insurance: University Policies 

I can confirm that the University Ethics Committee has now approved the above protocol. As you are aware. Ms 
S Dowburst is not approved to conduct the intramuscular temperature measuremnis until she has completed her 
training in this procedure. Once she has completed her training and the Dhics Committee is satisfied, then she 
may be added to the list of those recognized to perform this procedure. 

I would remind you that if there are any changes made to the protocol the Conimium must be informed of these 
and given the opportunity to consider them. 

I would draw to your attention that the Committee would expect you to report back on the outcome Of the project 
with an account of anything which may have occurred within the pwiect that may pronwt ethical question& for 
any similar future project and with anything else you fbal the Committee should know. 

Should you have any queries or require furdw infbnnation please to not besitaft to c(mlact me. On behalf of the 
Commiuee. I vAsh you every success with your projecL 

jý 

GMcA 
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