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Summary 

 
 Healthy normal aging is characterized by a series of progressive changes observed 

throughout the body, such as those at the neurological and musculoskeletal level.  

However, few studies have examined the link that exists between age-related alteration in 

neurophysiology and hand function. In this study, we used transcranial magnetic 

stimulation (TMS) to investigate age-related effects on intracortical excitability and 

interhemispheric inhibition, including how changes in these measures could predict hand 

function. Participants consisted of young (n=13) and senior (n=17) healthy, right-handed 

individuals. Participants underwent a series of stimulations to determine their 

intracortical excitability and interhemispheric inhibition of each hemisphere. The former 

was evaluated by measuring the resting motor threshold (RMT), recruitment curve (RC) 

and contralateral silent period (cSP), while the latter was determined by measuring the 

ipsilateral silent period (iSP). Each participant also underwent behavioral testing 

bilaterally consisting of the grooved pegboard test (GPT), simple finger tapping test 

(FTT), simple reaction time (SRT), reaction/movement time (MovT) and pinch strength. 

Our results indicate an age-related slowing observable throughout most functional 

measures, with both age groups performing significantly better with their dominant hand. 

SRT was the only behavioral measure that was not affected by either age or handedness. 

Our neurophysiological measures obtained through TMS indicated an age-related decline 

in both intracortical excitability and interhemispheric inhibition. Only the senior 

participants demonstrated any interhemispheric asymmetries, which appeared in their 

RMT favoring the hemisphere controlling their dominant hand. When both age groups 

were combined, it was found that increases in both excitability and inhibition were found 
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to correlate with preserved hand function. For example, larger facilitated MEP amplitude 

was related to increased dexterity. Interestingly, intracortical measures taken during the 

active state were found to be better predictors of hand function than similar measures 

taken during the resting state. Additionally, the left hemisphere/right hand relationships 

were found to be stronger than those observed for the right hemisphere/left hand. Our 

results indicate that normative data for hand function and neurophysiology change with 

age, which could be helpful in the early diagnosis of conditions that could lead to 

pathological aging. 
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General introduction 

The control of human movement is made possible by the intricate interplay that exists 

between the muskuloskelatal system, the nervous system and the environment where the 

movement is taking place. Voluntary movement in any part of the body is first iniated in 

the motor areas situated in the cortex. Following the generation of motor commands a 

neural signal is sent via the descending tracts to activate the alpha motor neurons. The 

primary interaction between the muscles and nervous system comes through these alpha 

motor neurons which provide the neural excitation that drives muscle contractions. This 

neuromuscular coupling, as well as each independent system, must be functionally 

optimal functional in order to allow the movements necessary for a good quality of life.  

Small deficiencies that occur with age may lead to difficulty in performing fine 

manipulative actions (e.g., buttoning one’s shirt). This decline in hand function has been 

associated with various changes affecting the nervous system both centrally in the brain 

and in the periphery (loss of touch receptors), as well as physical alterations in the 

muscular system (sarcopenia). Although it is widely accepted that functional ability of 

the hand deteriorates with age, the extent to which healthy aging affects neurophysiology 

has yet to be reliably quantified.  

The current work seeks to identify and describe the effects of healthy aging on 

neurological functions that are involved in the control of manual dexterity with the 

overall goal of establishing relationships between age-related changes in neural functions 

and behaviour.  
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1. Neurophysiology of human motor control 

Motor control can be defined as ―the systematic transmission of nerve impulses 

from the motor cortex to motor units, resulting in coordinated contractions of muscles‖ 

(Mosby, 2009).  Hence, motor control is a general definition that encompasses all motor 

areas, descending pathways and effectors. The central nervous system (CNS) of the 

human body is extremely complex. The forebrain alone is comprised of approximately 22 

billion neurons with an estimated 157 trillion synapses (Saver, 2006).  In addition, 

Shumway-Cook and Woollacott (2007) proposed that motor control involves not only 

internal processes related to CNS function but also the interactions with the individual 

and the environment in the context of task performance.  The following sections provide 

an overview of the processes involve in motor control of the hand. The first section deals 

with the corticospinal system. The second examines methods to assess hand function. The 

last section deals with the neurophysiological basis of aging and its impact on hand 

function. 

 

1.1 Cortical projections and connectivity 

The human primary motor cortex (M1), which is located in the precentral gyrus, 

is the area associated with the execution of motor commands allowing movement in the 

human body. Fritz and Hitzig were the first to stimulate the cortex in order to map motor 

function in the dog in 1870. In the 1950s, Wilder Penfield helped to establish that the M1 

had a somatotopic organization of body representation which is often referred to as the 

Penfield’s motor homunculus (Penfield, & Rasmussen, 1952). To map motor responses, 
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Penfield applied direct stimulation of the precentral gyrus in patients undergoing open 

brain surgery for epilepsy.  

Several descending pathways contribute to the transmission of the motor 

commands to spinal motoneurones to the effectors. The grouping of these descending 

pathways depends on their termination within the spinal gray matter (Kuypers & 

Brinkman, 1970).  The three major descending pathways are the ventromedial brainstem 

pathway, the dorsolateral brainstem pathway and the corticospinal and corticobular 

pathways. Each one of these pathways possesses its own anatomy and functions which 

define them. The corticospinal pathway is considered the most functionally important in 

primates for its role in generation of discrete voluntary movements. In the primate’s 

brain, the corticospinal tract (CST) originate from multiple areas in the frontal and 

parietal lobes, including the primary motor cortex (M1), the dorsal and ventral premotor 

cortices, the supplementary motor area, and cingulated motor areas, the  primary 

somatosensory cortex, the posterior parietal cortex, and the parietal operculum (see Dum 

& Strick 2005). Corticomotor (CM) fibres project through the anterior and posterior limb 

of the internal capsule and descend in the cerebral peduncules. CM refers to the CST 

fibres that make direct, monosynaptic excitatory conections with motoneurons (Lemon & 

Griffiths, 2005). At the level of the lower medulla, ~85% of the fibers decussate and 

project down the contralateral dorsolateral funiculus to form the lateral CST. The 

remaining 15% of the fibers do not cross and remain ispsilateral and form the ventral 

CST (Lemon, 2008). Depending on their cortical origin, corticospinal neurones will make 

excitatory connections with spinal neurons in the dorsal, the intermediate or the ventral 

horn. In humans, most corticospinal neurons originating from M1 establish strong and 
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secure connections with spinal motoneurones in the ventral horn innervating limb 

muscles (Bernhard & Bohm, 1954).  

The classical view of the CST is that it acts as the main motor pathway for the 

control of voluntary movement; however, recent studies have confirmed that it has a 

multitude of functions, each of which are similar in the fact that there is a cortical 

modulation of spinal cord activity (Lemon & Griffiths, 2005).  Some known functions of 

the CST include the descending control of afferent inputs (Wall & Lidierth, 1997), gain 

control of spinal reflexes (Evarts & Tanji, 1976), excitation and inhibition of 

motoneurons (Maier, Illert, Kirkwood, Nielsen, & Lemon, 1998), autonomic control 

(Bacon & Smith, 1993) and plasticity (Wolpaw, 1997). The multitude of possible 

functions accord with the aforementioned fact that the CST originates from a variety of 

different cortical areas (Lemon & Griffiths, 2005). 

Following a lesion to the CST, there will be initial deficits that reflect the loss of 

corticospinal connections to the spinal segments controlling the limb (Nishimura et al. 

2007). Sasaki et al. (2004) found an absence of the excitatory postsynaptic potentials in 

the fast CM that are normally evoked in most hand motoneurons. Although some motor 

deficits are permanent, these impairments are often ameliorated over time; the extent of 

recovery seems to be related to the amount of CST fiber remaining. The recovery of the 

grasping function (Freund et al., 2006; Sasaki et al., 2004) or of locomotor function 

(Courtine et al., 2007; Nishimura et al., 2007) after corticospinal lesions at the spinal 

level most likely reflects the plastic changes occurring elsewhere in the central nervous 

system, for instance there is significant generation of these fibers above the lesion 

(Bareyre et al., 2004). 
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1.1.1 Animal studies 

The motor systems of all mammals are composed of similar building blocks; all 

mammalian species possess the CST that links the cerebrum to the spinal cord (Nudo & 

Masterton, 1988, 1990). Hans Kuypers (1970) first showed that there are large 

differences in the functional organization of the CM system across different mammalian 

species. A number of studies have confirmed that the CM system is unique to primates; 

there are no functional CM connections in the cat (Illert, Lundberg, & Tanaka, 1976), rat 

(Yang & Lemon, 2003), raccoon (Gugino, Rowinski, & Stoney, 1990), or mouse 

(Alstermark, Ogawa, & Isa, 2004). The development of the CM system varies depending 

on the primate species (Lemon & Griffiths, 2005), for example it is well developed in the 

capuchin monkey and the macaque with great apes possessing generally more CM 

connections. In 2006, Rathelot and Strick created a technique using transneural labeling 

with the rabies virus to identify anatomically the cells of origin of the CM projection to 

hand muscles in the macaque monkey. The area of M1 that encompasses the CM cells 

innervating an individual muscle was found to overlap heavily with representations of 

other hand muscles (Rathelot & Strick, 2006). As stressed recently by Lemon (2009), 

these findings finally settle the long-running debate that the M1 has a fine, 

nonoverlapping, somatatotopic mapping of the hand muscles (Lemon, 1988; Phillips, 

1975).  

 

1.1.2 Human Studies 

The CST is a critical motor pathway in humans and is more expanded than in any 

other mammalian species. Heffner & Masterton (1983) established the relationship across 
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species between the extent of development on the CST projections and the index of 

dexterity, with humans surpassing every other mammal in both dexterity and extent of 

CST projections. Therefore, it was postulated that the well developed CST affords 

humans superior dexterity; however, as a result lesions to this descending tract have more 

devastating effects than in any other mammals (Vilensky, 1987). Lesions to the CST will 

have irrevocable effects on motor function, despite some slow but substantial recovery 

(Ropper, Fisher, & Kleinman, 1979). Empirical data suggests that CM monosynaptic 

projections exist in motoneurons in humans with its strongest projections innervating 

distal limb muscles such as the intrinsic hand muscles (Baldissera & Cavallari, 1993; de 

Noordhout et al., 1999; Nielsen, Petersen, & Ballegaard, 1995). Additionally, the current 

research suggests that the CM system is a recently evolved feature that allows new 

aspects of motor behavior, including voluntary control of independent fingers (Lemon, 

2008).  

 

1.2 Stimulation techniques to investigate CST functions 

In 1980, Merton and Morton created a procedure coined transcranial electrical 

simulation (TES) which allowed a non-invasive method to stimulate the cerebral cortex 

transcranially. They developed a device that produced a single high-voltage capacitative 

discharge capable of flowing through the scalp to stimulate the brain structure lying 

beneath. It was then shown that TES over the M1 could produce a motor response in 

associated muscles, known as a motor evoked potential (MEP), and that a stimulus over 

the visual cortex could produce phosphenes (Terao & Ugawa, 2002). However, this 

technique has a few drawbacks; the most significant being the pain accompanying 
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stimulation which is strong enough to prevent it from being adopted for widespread 

clinical use.    

 In 1985, Barker et al. developed a method called transcranial magnetic stimulation 

(TMS) in order to magnetically stimulate the human cerebrum in a non-invasive and 

practically painless manner. This technique creates a magnetic field that can penetrate the 

cranium virtually unimpeded. The changing magnetic fields in the cortex engender the 

creation of an eddy current that can depolarize cerebral neurons thereby generating a 

neural response that can be either excitatory or inhibitory (Terao & Ugawa, 2002). The 

introduction of this technique significantly advanced the neurophysiologic investigation 

of the cerebral cortex, especially of the motor cortex, which had been practically confined 

to animal studies. In fact, the number of published papers per year using TMS almost 

doubled from 1999-2003 to 2003-2008 (Rossi, Hallett, Rossini, & Pascual-Leone, 2009).  

Despite its overwhelming success, practicality and safety, TMS cannot fully 

replace TES as a tool for studying neurophysiology. One advantage to using TES is its 

ability to stimulate the motor cortex neurons directly to produce short latency direct wave 

(D-wave) by activating corticospinal axons directly. In comparison, TMS primarily 

stimulates corticospinal neurons transynaptically via interneurons prompting the creation 

of indirect waves (I-waves) which occur approximately 1.5 ms sequentially following a 

D-wave (Chen, 2000; Reis et al., 2008). However, at higher intensities TES can produce 

I-waves and TMS can produce D-waves, yet it is this fundamental difference between 

these techniques that warrants the use of TES (Day et al., 1989). 

 When TMS was first developed it could only be applied in single monophasic 

pulses with a circular coil (Barker, Jalinous, & Freeston, 1985). Today’s stimulators 
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either produce monophasic or biphasic waveforms. Biphasic waveforms are more 

powerful than monophasic ones when the stimulation energy is normalized to the square 

root of the maximal energy stored (Kammer, Beck, Thielscher, Laubis-Herrmann, & 

Topka, 2001). Although the circular coil is very useful as a general purpose coil, its site 

of stimulation is not very well defined. For this reason, traditional circular coils have 

generally been replaced with the figure-of-eight coil (also termed butterfly or double 

coil). This shape allows a focused stimulation of superficial cortical regions by inducing a 

current under the junction region of the eight that is roughly twice as large as that under 

the two wings (Rothwell, 1997). Finally, the new stimulators allow for repetitive 

stimulation which has led to the development of different protocols; the most popular 

being paired pulse TMS and theta burst stimulation. All these protocols involve trains of 

repetitive stimuli to elicit excitatory or inhibitory responses in the stimulated region. 

There is a multitude of applications of these techniques, however the following will focus 

on the use of single pulse TMS to obtain reliable neurophysiological measures.  

 

1.2.1   Single-pulse TMS measures 

Motor Threshold (MT) is defined as the minimum stimulation intensity capable of 

eliciting MEPs of 50 to 100 µV in about 50% of a series of consecutive stimulations 

(Rossini et al., 1994). This can be measured at rest (ie., resting motor threshold, RMT) or 

with some underlying tonic contraction (ie. Active motor threshold, AMT). RMT is a 

principal measure of cortical excitability and reflects the local density of a central core of 

excitatory interneurons and corticospinal neurons (Rossini & Rossi, 2007). AMT is a 

measure that conveys approximately the same physiologic information and possesses 
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more variability than RMT. In theory AMT would be more reliable since it is less 

sensitive to fluctuations in synaptic excitability; nonetheless, the presence of background 

electromyographic (EMG) activity increases the difficulty of reliably quantifying this 

measure (Talelli, Greenwood, & Rothwell, 2006).   

The most common measure of corticospinal excitability has traditionally been the 

MEP amplitude. This peak-to-peak amplitude is the EMG response following a single 

TMS pulse at a given intensity relative to the person’s RMT (Talelli et al., 2006). The 

amplitude of MEPs is an important measure because it provides a direct measure of the 

intrinsic and extrinsic excitability of cortical and spinal motoneurons (Taube et al., 2006).  

The time between the delivery of the TMS pulse and the onset of the evoked 

motor response, known as the MEP latency, is affected by neural fibre diameter, myelin 

sheath thickness and the number of synapses crossed. It has been used to estimate 

conduction velocities in the fast descending spinal tracts (Rossini, Rosinni & Ferreri, 

2010). It is pivotal in the measurement of central conduction time, which has been 

considered to be the most useful clinical parameter (Rossini & Rossi, 2007) 

A recruitment curve (RC; also known as input-output or stimulus-response curve) 

can be done by examining the MEP amplitude increase with increasing TMS intensities. 

This is done to determine the progressive recruitment of less excitable or adjacent 

neurons that aren’t localized directly on the hot spot, which is the optimal stimulation 

area for achieving a response from a muscle (Chen, 2000, Darling, Wolf, & Butler, 

2006). Overall, RC provides an index of the strength of corticospinal projections and can 

detect changes in cortical motor maps (Ridding & Rothwell, 1997). 
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TMS can also be used to investigate the excitability of cortical inhibitory circuits. 

For instance, when a TMS pulse is delivered during a tonic contraction of the 

corresponding muscle a period of no EMG activity is induced, called the contralateral 

silent period (cSP). The first part of this inhibitory period is thought to be due primarily 

to spinal mechanisms whereas the later part is thought to be caused by cortical 

mechanisms (Chen, Lozano, & Ashby, 1999; Fuhr, Agostino, & Hallett, 1991). 

Additionally, the entirety of the cSP is thought to be of cortical origin, being specifically 

generated in the M1 (Roick, von Giesen, & Benecke, 1993; Schnitzler & Benecke, 1994). 

This measure of corticospinal inhibition is thought to be partially mediated by GABAB-

ergic cortical interneurons (Werhahn, Kunesch, Noachtar, Benecke, & Classen, 1999).  

Inter-hemispheric inhibition can be assessed using single pulse via the ipsilateral 

silent period (iSP). This measure is characterized by a short attenuation of interruption of 

ongoing EMG activity in the contracting muscle ipsilateral to the stimulated hemisphere 

(Wassermann, Fuhr, Cohen, & Hallett, 1991). The iSP is thought to reflect hemispheric 

interactions through transcallosal inhibition mediated by the posterior half of the corpus 

callosum (Meyer, Roricht, Grafin von Einsiedel, Kruggel, & Weindl, 1995). The iSP can 

be used to assess transcallosal inhibition, which can be used to evaluate inter-hemispheric 

conduction time and strength (Rossini & Rossi, 2007). Furthermore, Chen et al (2003) 

found that iSP duration was strongly correlated with paired-pulse inter-hemispheric 

inhibition (IHI) with an interstimulus interval (ISI) of 40 ms while it was not correlated 

with an ISI of 8 ms. They concluded that IHI40 and iSP may be mediated by similar 

neuronal populations (Chen, Yung, & Li, 2003). Modulation of the activity in this 

common pathway was found to be a mechanism that regulates the amount and functional 
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role of the ipsilateral M1 activation during the execution of a simple grip task (Talelli, 

Ewas, Waddingham, Rothwell, & Ward, 2008).  

   

1.3 Laterality effects on neurophysiology 

   It has been demonstrated that there exists functional and structural differences in 

M1’s physiology depending on the extent of handedness laterality of the subject (Amunts 

et al., 1996; Halsey, Blauenstein, Wilson, & Wills, 1979). The extent to which laterality 

affects single-pulse TMS measures is a controversial subject among researchers. It is 

reported that there are lower MTs (Macdonell et al., 1991; Triggs, Calvanio, & Levine, 

1997), more inhibition (Cicinelli et al., 2000; Priori et al., 1999) and larger cortical maps 

controlling the dominant hand than the non-dominant hand for two intrinsic hand muscles 

for both left and right handers (Triggs, Subramanium, & Rossi, 1999); however, these 

findings were not replicated in similar studies (Cicinelli, Traversa, Bassi, Scivoletto, & 

Rossini, 1997; Inghilleri, Berardelli, Cruccu, & Manfredi, 1993; Wilson, Thickbroom, & 

Mastaglia, 1993). More studies are needed to validate these past studies in order to 

determine if and to what extent hand preference affects TMS measures. 

     

2. Hand function  

The ability to control ones hand is one of the major factors that has allowed 

humans to evolve in building tools and for communication through gestures. It is 

suggested that skilled forelimb movements originate from feeding behaviours of early 

mammals (Iwaniuk & Whishaw, 2000). Over the course of evolution, the human hand 

has undergone multiple modifications and alterations leading to its unique anatomy and 
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functions which allow the exceptional skilled hand movements exhibited in everyday 

human life (Wilson, 1998). 

 

  2.1 Anatomy 

Despite its relatively small size compared to other parts of the body; control of the 

human hand involves a very large proportion of the M1 (Penfield, & Rasmussen, 1952). 

This allows the hand to intricately control all of the 11 intrinsic hand muscles and 15 

extrinsic hand muscles. The grouping of these muscles on the lateral and medial aspects 

of the hand form the thenar and hypothenar eminences respectively. The thumb, 5
th

 digit 

and to a lower extent the 2
nd

 digit (index finger) all possess a plethora of muscles 

controlling them allowing for a variety of movements including flexion, extension, 

adduction, abduction and opposition (Moore & Daller, 2006). The expert combination of 

these movements allow for incredible level of sophistication in terms of possible 

configurations and manipulative abilities, including the ability to form power grasps, 

precision handling and pinching.    

 

2.2 Assessment of Hand Function 

The hand is highly specialized with respect to its sensory and motor capacities 

which have long been recognized to present unique properties (Jones, 1994). To 

adequately assess hand function, several aspects have to be taken into consideration 

individually (Jones, 1989). The subdivision of hand function into sensory and motor 

components is done in order to properly quantify these measures individually. 
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2.2.1 Sensory assessement 

Vibration threshold. Vibration is among the many sensations to which the 

cutaneous mechanoreceptors respond. While other mechanoreceptors are more sensitive 

to edges (Merkel discs) or motion (Meissner and Ruffini corpusles), the fast afferent 

Pacinian corpusles located deeper in the cutaneous tissue are the mechanoreceptors 

responsible for sensing vibration (Johnson, 2001). Impairments in the sense of vibration 

may be a sign of peripheral nerve dysfunction, especially if the disfunction is found in 

distal parts of the limb such as the hand (Martina, van Koningsveld, Schmitz, van der 

Meche, & van Doorn, 1998; Pestronk et al., 2004). In clinical settings, vibration testing 

with Rydel-Seiffer tuning forks is often done in order to quickly and reliably screen for 

the presence of neuropathies (Martina, van Koningsveld, Schmitz, van der Meche, & van 

Doorn, 1998; Pestronk et al., 2004).      

Tactile acuity threshold. This is a measure of the integrity and density of the 

mechanoreceptors at the fingertip (Peters, Hackeman, & Goldreich, 2009) as well as the 

central processing of tactile information (Tremblay et al., 2003). This tactile information 

is vital for the accomplishment of daily tasks that require proper prehension of various 

objects to prevent slipping and dropping. In the eventuality of mistakenly dropping an 

object, a person must quickly analyze the event and react in order to quickly adapt to the 

situation.  

2.2.2 Motor assessment 

Grip strength. Grip strength has traditionally been used as a test for gross motor 

power in order to evaluate the muskoletal health of the hand (Jones, 1989). Based on the 

eight most common grips types, handgrip strength tests are used to measure total body 
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strength, the power in specific hand grips and even declining muscle strength in aging 

(Sollerman & Ejeskar, 1995). Additionally, grip strength tests have proved to be a useful 

tool in prediction of functional limitations and disabilities (Giampaoli et al., 1999). 

Dexterity. A variety of tests have been created in order to assess manual dexterity 

and its relation to overall functional ability. For instance, the grooved pegboard test 

(GPT) is considered to be a measure of manual dexterity and complex motor 

coordination; moreover, recent literature has found that the results of this test correlate to 

neuropsychological and cognitive measurements (Ashendorf, Vanderslice-Barr, & 

McCaffrey, 2009). Furthermore, there are reports that GPT results correlate with spatial 

resolution thresholds at the fingertip (Tremblay, Wong, Sanderson, & Cote, 2003).  

Reaction time. This measure is defined as the interval of time between the 

perception and evaluation of a stimulus and the required response (Zajdel & Nowak, 

2007). Since the 19
th

 century, reaction time has been a widely used measure of functional 

ability (Merkel, 1885). The time required in decision making during a reaction time test is 

influenced by the stimulus registration time, choice-reaction time and a decision time to 

consider the proper movement. While short movement simple reaction times have been 

known to be quite fast, approaching a minimum of 100ms (Reynolds & Day, 2007), 

reaction times tend to increase when coupled with a longer movement time. Therefore, a 

simple reaction time test would be useful to assess the integrity of the coupling between 

stimulus perception and speed of corticospinal signal propagation. A reaction time 

combined with a set movement goal would be a better indicator of an individual’s ability 

to quickly process information to accurately control the given limb, which is further 
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complicated by the trade-off that exists between speed and accuracy (See Bogacz, 

Wagenmakers, Forstmann, & Nieuwenhuis, 2010 for review).  

Simple Finger Tap. This measure of musculoskeletal and neuromuscular 

function is considered to be a valid measure of motor function (Ashendorf et al., 2009). 

Although finger tapping could seem somewhat trivial because of its simplicity, it is one 

of the most widely used neuropsychological tests (Rabin, Barr, & Burton, 2005) in reason 

of its ability to quickly produce an indication of the hands motor ability.  

Bimanual tap test. All aforementioned tests are unimanual to simplify their 

interpretation, for it is known that bimanual task are noticeably more difficult 

(Wiesendanger, Kaluzny, Kazennikov, Palmeri, & Perrig, 1994), especially in elderly 

subjects (Bangert, Reuter-Lorenz, Walsh, Schachter, & Seidler, 2010). This is caused by 

the interhemispheric coordination of movements that must occur in order to accomplish 

the task. The final manual test that will be discussed will be the dual asynchronous finger 

tap test. Unlike the simple finger tap test, this test’s purpose is not limited to assessing 

motor capabilities of the hand, its main purpose is to observe the subject’s coordination 

mediated transcallosal mechanisms. Throughout all of these tests, it is important to note 

that the dominant hand will generally perform better than the non-dominant hand, with 

more variability in left-handed subjects. This lateralization is an important marker of 

overall manual ability, for the accomplishment of daily tasks often requires the use of 

both hands. 

   3. Aging 

Aging is defined as ―The process of becoming older, a process that is genetically 

determined and environmentally modulated.‖(Mosby, 2009) This process is experienced 
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by every living being and is generally defined as a slowing of all metabolic processes 

which leads to a multitude of different effects. The following will discuss how aging will 

affect manual abilities and neural health.  

  

  3.1 Physiological and Behavioural changes  

Given the aging demographic, it is important to understand the physiological basis 

for the decline in functional motor capacity as people advance in age. Aging is associated 

with the progressive degenerative loss of skeletal muscle mass and strength, known as 

sarcopenia. A recent study has estimated that the healthcare costs due to sarcopenia in the 

United States in the year 2000 exceeded $18.5 billon. The loss of strength during the 

course of aging is a well documented phenomenon (Harris, 1997) which has a deleterious 

effect on the aging population by diminishing their functional ability (Wiacek & 

Zubrzcki, 2010). Furthermore, the loss of strength and functional ability which is 

partially due to sarcopenia increases the risk of hospitalization (Cawthon et al., 2009). 

Luckily, the decrease in muscle mass in the hand muscle groups is not as prominent as 

other skeletal muscle groups (Carmeli, Patish, & Coleman, 2003).  Manipulative skills 

are a critical component of upper extremity function, allowing us to perform a variety of 

tasks through interactions with tools and objects around us. The ability to perform fine 

manipulative actions deteriorates gradually from 60 years of age (Shiffman, 1992; Smith 

et al., 1999). This decline is manifested in the difficulty experienced by older adults in 

skills requiring fine motor control (e.g., picking up small objects, buttoning actions). 

Such a decline has been linked with observations of reduced grip strength in older 

persons (Ranganathan et al, 2001) along with difficulty in finely modulating grip force 

http://en.wikipedia.org/wiki/Skeletal_muscle
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when manipulating objects (Cole 2001, 2002). The important interplay between sensation 

and action is altered in aging, owing to a reduction in cutaneous mechanoreceptors and 

the resulting decline in tactile sensibility. Investigations in this field have revealed 

substantial decline in touch sensation in older persons with a doubling and even a tripling 

in sensory thresholds for touch detection and in spatial acuity (Tremblay et al 2003, 

Tremblay et al 2005). These studies also showed that the degree of tactile loss was 

closely associated with impaired manual dexterity levels, as measured in standardized 

tests (Tremblay et al 2003). While aging inevitably leads to a decline in sensory and 

motor function, there are also wide variations at the individual level, though certain 

factors, like gender, seem to be important in the aging process. For instance, manual 

dexterity appears to decline at a faster rate in aged women than in aged men 

(Ranganathan et al, 2001). 

 

3.2       Neurophysiological changes   

Many studies have been conducted to examine the effects of aging on the 

neurological system. Age is associated with a degradation of multiple neuronal tracts; 

two of which is the corpus callusom and cortical fibers that connect frontal regions to 

more posterior regions (Perry et al., 2009). Recent results revealed a differential pattern 

of effects on major cortical, subcortical, callosal and cerebellar fiber tracts, whereas age 

effects on the tracts were more substantial on anterior than posterior, inferior than 

superior, and association than projection fiber tracts (Madden et al., 2009; Sullivan, 

Adalsteinsson, & Pfefferbaum, 2006). However, the CST seems to be resistant to the 

effects of age (Perry et al., 2009). Age is associated with a reduction in global and 
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regional white and gray matter in the cerebral cortex (Good et al., 2001; Seidler et al., 

2010; Walhovd et al., 2005), with frontal white matter particularly affected (O'Sullivan et 

al., 2001; Pfefferbaum, Adalsteinsson, & Sullivan, 2005; Sullivan et al., 2006). 

Nevertheless, M1 appears to be fairly resistant to age related neural loss (Haug & Eggers, 

1991).  

Recent studies using TMS have revealed several age-related changes in the 

excitability of corticospinal projections controlling hand muscles. For example, the 

amplitude of motor evoked potentials (MEP) is reduced, indicating a possible loss in the 

number of functional projections or a reduction in fast conducting fibers (Rossini et al, 

2008). In support of this, Pitcher, Ogston and Miles (2003) found that elderly subjects 

needed a higher TMS intensity in order to produce MEPs similar those of young subjects 

during the construction of an RC. The excitability of inhibitory circuits has also been 

explored with TMS. In general, these studies have revealed a decrease in inhibitory 

control with age (Kossev, Schrader, Dauper, Dengler & Rollnik, 2002; Wassermann, 

2002; Sale & Semmler, 2005). Right-left asymmetries in corticospinal excitability have 

also been described in older adults, as shown by Sale & Semmler (2005). They found that 

the motor cortex controlling the dominant hand of right-handers had greater excitability 

and more efficient inhibition than the contralateral motor cortex controlling the left hand. 

Such an asymmetry was not observed in younger subjects. However, there is a disparity 

between these findings and those of other studies which found no neurophysiological 

differences in laterality caused by aging. One such study found no RMT and AMT 

asymmetries between hemispheres in elderly subjects whilst the younger subjects had 

lower MTs in their dominant hemisphere (Matsunaga, Uozumi, Tsuji, & Murai, 1998). 
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This result could be influenced by the large inherent variability of MTs (Wassermann, 

2002). Knowing that are is associated with a reduction in both white and gray matter in 

the cerebral cortex (Seidler et al., 2010) and that RMT increases with the distance 

between the coil and the M1 (McConnell et al., 2001), it would seem logical that MT 

would increase with age. In accordance with this logic, some studies have found an 

association between healthy aging and increased motor thresholds (Peinemann, Lehner, 

Conrad, & Siebner, 2001; Rossini, Desiato, & Caramia, 1992). Unfortunately, many TMS 

studies have not found significant differences in MTs of the M1 between young and 

elderly (Oliviero et al., 2006; Pepin, Bogacz, de Pasqua, & Delwaide, 1999; Pitcher, 

Ogston, & Miles, 2003; Rossi et al., 2004). These discrepancies likely originate from 

technical and experimental differences as well as the high variability of MT.  

The results of these neurophysiological tests must be analyzed with caution since 

they are biased towards large fast-conducting neurons, so the contribution of the much 

more numerous small CM neurons have likely been seriously overlooked (Maier, Illert, 

Kirkwood, Nielsen, & Lemon, 1998). Furthermore, these important large mylienated 

nerve fibres were found to be more susceptible to injury (Quencer et al., 1992) and to 

decline in number and density with age (Mittal & Logmani, 1987). These limitations 

among others explain our lack of knowledge concerning the changes that occur in the 

human CST.  

 Overall, these results suggest that neurophysiological alterations occur with age, 

yet it remains unclear as to what extent such alterations affect progressive degeneration at 

the behavioural level. Few neurophysiological studies have examined this issue, 

especially in the context of aging (Rossini et al, 2008).  
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3.3 Correlation between neurophysiology and behaviour  

Current evidence supports that there is an age-related disruption in white matter 

integrity (Seidler et al., 2010) and these deteriorations seem to be concomitant with a 

multitude of motor deficits ranging from  simple motor tasks such as repetitive finger 

tapping  (Shimoyama, Ninchoji, & Uemura, 1990), to more demanding timed tasks 

(Smith et al., 1999), steadiness tasks  (Cole, 2001) and dexterity tasks (Cole, Cook, 

Hynes, & Darling, 2009). Despite the seemingly linear relationship that exist between 

these physiological and behavioural measures; there have been very few studies relating 

these two measures. 

The first to establish a strong correlation between markers of corticospinal 

excitability using TMS and motor performance were Triggs, Calvanio and Levine (1997). 

Their results indicated that MT was strongly correlated with finger tapping as well as 

scores on a Purdue pegboard. Therefore, these finding indicate that a person’s MT would 

be a strong predictor of functional manual performance. However, these results were not 

repeated in other similar studies. Sale and Semmler (2005) compared an array of manual 

performance tasks with a series of neurophysiological TMS measures in young and old 

subjects. They found that there was only a weak relationship between cSP and scores on 

the Purdue pegboard task. They did not find a strong relationship between the age-related 

changes in TMS neurophysiological measures and the aging effects on hand function. 

The authors concluded that the chosen tests were not sensitive enough to establish strong 

associations between TMS measures and measures of motor performance. Another study 

conducted by Brouwer, Sale and Nordstrom (2001) found no significant correlation 

between MEP asymmetry and any asymmetry in motor function test.  
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Lindberg, Feydy and Maier in 2010 used magnetic resonance diffusion tensor 

imaging to determine if there was a significant correlation between accuracy of grip force 

control (which was used as a measure of dexterity) and fractional anisotropy in the 

cervical spine (FA). FA reflects the structural characteristics of white matter and is used 

as a quantitative measure of white matter integrity. FA was found to correlate with age, 

meaning that there is an age-related degradation in white matter (Lindberg, Feydy, & 

Maier, 2010). These results provided further support for the notion that associations exist 

between age, manual performance and neurophysiology.   

We know from TMS explorations that the corticospinal system, which is a critical 

component for hand function, undergoes various physiological alterations with age. The 

loss of functional projections (McComas, Galea, & de Bruin, 1993) and reduced cortical 

inhibition seem to be of primary importance. However, as indicated earlier few studies 

have actually attempted to relate these two streams of research in trying to establish the 

functional significance of alterations in corticospinal function with age. Understanding 

the relationship between these two variables will advance our current knowledge on the 

process and effects of healthy aging. Furthermore, health assessment could possibly be 

quickly assessed by establishing a baseline acceptable range for these variables that are 

correlated with healthy aging. 
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3.4 Objectives and purpose of present work  

Ultimately, our goal is to examine the link between neurophysiology and 

functional behavioural with regard to human corticospinal functions. Describing this 

relationship could help identify potential markers of corticospinal dysfunction that can be 

used to predict early signs of deterioration in hand function due to aging. Such findings 

could be important in developing strategies for early prevention or for remediation of 

hand impairments in the aging population (Abbruzzese, Marchese, & Trompetto, 1997). 

Clinically, the establishment of a relationship between neurophysiological and functional 

measures could lead to a better understanding and earlier diagnosis of certain 

neuropathologies and movement disorders. Our current research searches to expand on 

the research done by Sale and Semmler (2005) and Brouwer, Sale and Nordstrom (2001) 

by including more hand function tests and TMS measures to be able to accurately depict 

which measure of corticospinal function relates with behaviour in the context of aging.  

 The objectives of the present work are: 

 (1) to examine neural and behavioural markers of aging in the human 

corticospinal system, especially with regard to hand function ,  

(2) to determine the possible relationships between the neurophysiological 

markers of corticospinal aging derived from TMS measures and 

corresponding behavioural measures of age-related functional decline in hand 

function, 

 (3) to determine the possible contribution of factors such as gender and hand 

dominance in influencing markers of aging at the neurophysiological and 

behavioural level   
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Abstract  

Transcranial magnetic stimulation (TMS) is a non-invasive technique that can be 

used to assess the integrity of excitatory and inhibitory neuronal circuits in the motor 

cortex, both at the intrahemispheric and interhemispheric level. In the present study, TMS 

was used to examine neurophysiological correlates of corticospinal function in the 

context of normal aging. Participants also underwent hand function testing to examine 

possible links between TMS measures of corticospinal excitability and age-related 

decline in manual ability.  Participants consisted of healthy young (n=13) and senior 

(n=17) right-handed individuals. Hand function testing consisted of a battery of tests 

administered bilaterally, which included the grooved pegboard test (GPT), finger tapping 

test (FTT), pinch strength, simple reaction times (SRT) and reaction/movement time 

(MovT). The following TMS measures were assessed bilaterally using a Magstim Rapid
2
 

stimulator: resting motor threshold (RMT), the recruitment curve (RC), and silent periods 

of the contralateral (cSP) and ipsilateral hand (iSP). Both young and senior subjects 

showed significant intermanual differences in most behavioral measures, favoring their 

dominant right hand. Age differences were found in both intrahemispheric excitability 

and interhemispheric inhibition, indicating an age-related decrease in the excitability in 

both these motor circuits. A general trend linking specific TMS markers of corticospinal 

function with preserved hand function, especially in the dominant hand, was indicated 

over the course of aging. Intrahemispheric measures of excitability during an active state 

were better predictors than measures performed in the resting state.  Our results indicate 

that neurophysiological markers can be fair to moderate predictors of behavior, which 

could in turn provide an early diagnosis of pathological aging.  
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Introduction 

Given the aging demographic, it is important to understand the physiological basis 

for the decline in functional motor capacity as people advance in age. Manipulative skills 

are a critical component of upper extremity function, allowing us to perform a variety of 

tasks through interactions with tools and objects around us. The ability to perform fine 

manipulative actions deteriorates gradually after 60 years of age (Shiffman, 1992; Smith 

et al., 1999). At the functional level, such a decline has been linked with observations of 

reduced grip strength (Ranganathan et al, 2001) and dexterity (Cole, Cook, Hynes, & 

Darling, 2009; Tremblay, Wong, Sanderson, & Cote, 2003), along with difficulty in 

finely modulating grip force when manipulating objects (Cole & Rotella, 2001, 2002). 

The important interplay between sensation and action is altered in aging, owing to a 

reduction in cutaneous mechanoreceptors and the resulting decline in tactile sensibility 

(Carmeli, Patish, & Coleman, 2003). Investigations in this field have revealed substantial 

decline in touch sensation in older persons with a doubling and even a tripling in sensory 

thresholds for touch detection and in tactile acuity (Tremblay et al 2003; Tremblay et al 

2005). Besides declines in force and sensation, hand function is also affected by the 

general decline in processing speed affecting both motor performance and cognitive 

processes (Birren & Fisher, 1995). At the behavioral level, this slowing is demonstrated 

by age-related increases in reaction times (Cerella, 1985) as well as a decreased 

performance in dexterity and finger tapping tasks (Aoki & Kukuoka, 2010; Ashendorf, 

Vanderslice-Barr, & McCaffrey, 2009). While the age-related decline in hand function 

has been well characterized in the aging population, the physiological basis of this 

decline at the neurophysiological level remains largely unexplored. 
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The integrity and functional state of the corticospinal tract (CST) can be evaluated 

using a non-invasive cortical stimulation technique called transcranial magnetic 

stimulation (TMS). When applied to the primary motor cortex at an appropriate intensity, 

TMS can depolarize neurons leading to transynaptic activation of large pyramidal cells. 

The projections of these pyramidal cells form the corticospinal tract and their activation 

leads to descending volleys that will excite spinal motor neurons thereby generating a 

muscle response known as motor evoked potential (MEP) that can be recorded via 

surface electrodes (Terao & Ugawa, 2002). Measures of intrahemispheric excitability 

include the resting motor threshold (RMT), the MEP amplitude, the MEP latency, the 

recruitment curve (RC) and the contralateral silent period (cSP). Each one of these 

measures is thought to reflect the integrity and excitability of corticospinal projection 

neurons. The RMT is defined as the minimum stimulation intensity capable of eliciting 

an MEP in the corresponding muscle of at least 50µV in about 50% of a series of 

consecutive stimulations in a resting muscle. RMT is thought to depend on multiple 

factors, including the axonal threshold of motor cortical interneurons, the excitability of 

synapses at the cortical level between excitatory inputs and corticospinal cells, and the 

synapses at the spinal cord between corticospinal terminals and motoneurons (Talelli, 

Greenwood, & Rothwell, 2006). The peak-to-peak amplitude of the MEPs is thought to 

provide a direct measure of the intrinsic and extrinsic excitability of cortical and spinal 

motoneurons (Taube et al., 2006). The time between the delivery of the TMS pulse and 

the onset of the evoked motor response, known as the MEP latency, is affected by neural 

fiber diameter, myelin sheath thickness, and the number of synapses crossed. It has been 

used to estimate conduction velocities in the fast descending spinal tracts (Rossini, 
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Rosinni & Ferreri, 2010). A slight contraction in the target muscle will significantly 

shorten the onset of the MEP latency as well as increase corticospinal excitability 

demonstrated by a lower motor threshold and increased MEP amplitude (Kawakita et al., 

1991). A prominent MEP derivation is the RC, which is determined by examining the 

concurrent increases in MEP amplitude and stimulation intensities. RC provides an index 

of the strength of corticospinal projections and can detect changes in cortical motor maps 

(Ridding & Rothwell, 1997). The cSP is defined as the suppression of voluntary 

electromyographical activity following a TMS pulse. The early part of this inhibitory 

period (<50 ms) is thought to be due primarily to spinal mechanisms whereas the later 

part is thought to be caused by cortical mechanisms (Chen, Lozano, & Ashby, 1999; 

Fuhr, Agostino, & Hallett, 1991). This measure of corticospinal inhibition is thought to 

be partially mediated by GABAB-ergic cortical interneurons (Werhahn, Kunesch, 

Noachtar, Benecke, & Classen, 1999). 

Inter-hemispheric inhibition can be assessed using single TMS pulse via the 

ipsilateral silent period (iSP). This measure is characterized by a short attenuation of 

interruption of ongoing EMG activity in the contracting muscle ipsilateral to the 

stimulated hemisphere (Wassermann, Fuhr, Cohen, & Hallett, 1991). The iSP is thought 

to reflect hemispheric interactions through transcallosal inhibition mediated by the 

posterior half of the corpus callosum (Meyer, Roricht, Grafin von Einsiedel, Kruggel, & 

Weindl, 1995). The iSP can be used to assess transcallosal inhibition, which can be used 

to evaluate inter-hemispheric conduction time and strength (Rossini & Rossi, 2007). 

Furthermore, Chen et al (2003) found that iSP duration was strongly correlated with 

paired-pulse inter-hemispheric inhibition (IHI) with an interstimulus interval (ISI) of 40 
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ms while it was not correlated with an ISI of 8 ms. They concluded that IHI40 and iSP 

may be mediated by similar neuronal populations (Chen, Yung, & Li, 2003). Modulation 

of the activity in this common pathway was found to be a mechanism that regulates the 

amount and functional role of the ipsilateral M1 activation during the execution of a 

simple grip task (Talelli, Ewas, Waddingham, Rothwell, & Ward, 2008). 

Generally, the aforementioned intrahemispheric measures of excitability (RMT, 

MEP amplitude, RC, cSP) have been found to decrease with age. Some studies have 

found an association between ages and increased motor thresholds (Peinemann, Lehner, 

Conrad, & Siebner, 2001; Rossini, Desiato, & Caramia, 1992). However, such age 

differences in MT have not been found in other studies (Oliviero et al., 2006; Pepin, 

Bogacz, de Pasqua, & Delwaide, 1999; Pitcher, Ogston, & Miles, 2003; Rossi et al., 

2004). These discrepancies likely originate from technical and experimental differences 

as well as in the  inherent variability of MT measurements (Wassermann, 2002). In 

contrast, most TMS studies have reported a consistent reduction in MEP amplitude with 

age, indicating a possible loss in the number of functional projections or a reduction in 

fast conducting fibers (Rossini et al, 2008). In support of this, Pitcher, Ogston and Miles 

(2003) found that elderly subjects needed a higher TMS intensity in order to produce 

MEPs similar those of young subjects during the construction of an RC. Studies 

examining the excitability of motor inhibitory circuits, as determined by cSP, have 

revealed a decrease in inhibitory control with age (Kossev, Schrader, Dauper, Dengler & 

Rollnik, 2002; Wassermann, 2002; Sale & Semmler, 2005).  

Right-left asymmetries in corticospinal excitability have also been described in 

older adults, as shown by Sale & Semmler (2005). They found that the motor cortex 
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controlling the dominant hand of right-handers had greater excitability and more efficient 

inhibition than the contralateral motor cortex controlling the left hand. Such an 

asymmetry was not observed in younger subjects. However, there is a again controversy 

regarding the presence of asymmetries as other studies have failed to find differences in 

laterality with aging (Matsunaga, Uozumi, Tsuji, & Murai, 1998). The paired-pulse 

technique using TMS have found significant age-related attenuation in interhemispheric 

inhibition with age during the active condition (Talelli, Waddingham, Ewas, Rothwell, & 

Ward, 2008); however, there is still very limited information with regard to changes in 

with age especially concerning age difference in iSP.  

Given the evidence of alterations in corticospinal excitability measures with age, 

few studies have examined how these physiological alterations could be related to actual 

deficits in hand function (Rossini et al, 2008). Triggs, Calvanio and Levine (1997) looked 

for a link between indices of corticospinal excitability using TMS and motor 

performance. Their results showed that RMT was strongly correlated with finger tapping 

performance, as well as dexterity scores on a Purdue pegboard test. Such findings 

indicated that a RMT measures could be used to predict manual performance. However, 

these results were not supported in subsequent  studies. Sale and Semmler (2005) 

compared a battery of manual performance tasks with a series of neurophysiological 

TMS measures in young and old subjects. They found that there was only a weak 

relationship between cSP duration and scores on the Purdue pegboard task. Their 

different TMS measures largely failed to predict age-related changes in hand function. 

The authors concluded that the behavioural tests were likely not sensitive enough to 

reveal associations between TMS measures of excitability and motor performance. In the 
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same vein, another study conducted by Brouwer, Sale and Nordstrom (2001) found no 

significant correlation between MEP asymmetry across hemispheres and corresponding 

asymmetries in motor function test.  

In the present study, we sought to determine whether neurophysiological measures 

of corticospinal function derived from TMS could be used to predict performance in hand 

function tests in the context of normal human aging.  To examine the relationships 

between TMS measures and behavioral performance, young and senior participants 

underwent a battery of tests to assess dexterity, strength and speed of motor performance 

in both the dominant and non dominant hand. Subsequently, participants were subject to 

TMS in the both the resting and active states to measure several markers of corticospinal 

facilitation and inhibition both within (intrahemispheric) and between hemispheres 

(interhemispheric). The ultimate goal was to determine whether specific TMS measures 

could be identified as valid markers of age-related decline in hand function. 
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Methods 

The Institutional Review Ethics Board approved the study procedure in 

accordance with the principles of the Declaration of Helsinki and informed consent was 

obtained before the experimental session. All assessments were performed in a controlled 

laboratory environment. Each participant received a small honorarium for his or her 

participation. 

 

Participants 

 A total of 13 young adults (5 female, 13 male) and 17 seniors (11 females, 6 

males) were recruited from the population in the Ottawa area. All subjects were right-

handed, as determined by the Edinburg Handedness Inventory (Oldfield, 1971). Prior to 

the experimental session, all participants completed a medical questionnaire to determine 

their general health, to ensure that there were no contra-indications to TMS and that no 

antecedents of conditions likely to affect their performance in the tests. The height and 

weight of the subjects were collected in this questionnaire as well. In addition, sensory 

function of the hand was assessed using a Rydel-Seiffer tuning fork to determine the 

vibration extinction threshold and compare it with available norms. This simple test 

consists of applying the fork over the ulnar styloid process and asking the subject to 

report when they no longer perceive vibration. The threshold is determined by inspecting 

visual markers on the fork. If a potential subject exhibited values outside the norms, 

suggestive of a sensory deficit (Hesselmann et al., 2001), they were excluded from the 
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study and invited to consult with a physician. The demographic characteristics of the 

participants are listed in Table 1 along vibration thresholds. 

Hand Function tests 

For the hand function assessment, participants were comfortably seated in front of a 

table. All tests were performed in a controlled laboratory environment by the same 

experimenter. The order of the tests was the same for all participants. All subsequent 

manual performance tests were applied to both hands. To prevent a contralateral practice 

effect, each hand used to complete the test first was chosen at random. 

 

a. Grooved Pegboard Test (GPT) 

The GPT (Lafayette Instrument Co.) consists of a board that contains 25 slotted holes 

in a 5 by 5 array. The objective of the task is to fit the pegs into the holes in the specified 

order as fast as possible. Timing began when the first peg is touched. The test differs 

from the more traditional Purdue pegboard test because it requires complex visuo-

sensori-motor integration since pegs have to be rotated to match the hole before they can 

be inserted (Tremblay, Mireault, Letourneau, Pierrat, & Bourrassa, 2002).  

 

b. Simple reaction time (SRT)  and reaction time/movement time (MovT) 

A MOART™ panel (Lafayette Instruments Co.) was used to measure simple reaction 

times, reaction time/movement time and the finger tapping speed. A period of 

familiarization with practice trials was given before the application of any of these tests. 

Simple reaction times required the participants to place their index finger on the 

designated button until the designated light stimulus is given, at which point they lifted 
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their finger. The time interval between the activation of the light and the removal of the 

finger from the button was designated as the simple reaction time. Removing the finger 

from the button instead of pressing the button is a reliable method of measuring reaction 

time according to previous guidelines (Crabtree & Antrim, 1988) and it was chosen in 

order to be comparable to the reaction time/movement time test (MovT). MovT involved 

moving the finger from one specified button to another one 20cm away when prompted 

by a light cue. Speed was the focus of this test to properly assess the coupling between 

reaction time and movement speed. Accuracy was noted, but not taken into account for 

further analysis. Ten trials were completed for each reaction time test. 

 

c. Finger tapping test (FTT) 

The finger tapping test consisted of tapping a specified button as quickly as possible 

with the index finger for a period of 15 seconds on the MOART™ panel. The total 

number of taps in this time period was noted as a measure of motor function. Two trials 

were done for the FTT. The average of the trials was taken for analysis. 

 

d. Pinch strength 

The final test consisted of determining grip force using a small pinch dynamometer 

(B&L pinch gauge) where the subjects performed a key pinch with maximal strength. 

Three trials were applied for each hand. The average of these three trials was considered 

the maximal voluntary contraction (MVC) for the first dorsal interosseous muscles (FDI). 

This test was conducted last because it was deemed to be the most strenuous and capable 
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of inducing fatigue in the hand muscles. Therefore, it was only given after all other 

manual tests to assure that fatigue was not a factor affecting reaction times or dexterity. 

EMG recording and TMS  

Electromyographic (EMG) activity was recorded using small auto-adhesive 

surface electrodes (10 mm diameter, Ag-AgCl) placed over the first dorsal interosseous 

(FDI) muscles of the right and left hand. EMG signals were amplified (100 V/div) and 

filtered (bandwidth, 16 Hz to 1 kHz) with a polygraph amplifier (RMP-6004, Nihon-

Kohden Corp.). Signals were digitized at a 2 kHz sampling rate using custom software on 

a PC running under Microsoft  Windows
 

XP equipped with a digital/analogue 

acquisition card (BNC-2090, National Instrument Corp.). 

TMS was administered with participants comfortably seated in a recording chair. 

Magnetic stimulation was delivered with a SuperRapid
2
 stimulator (Magstim Co. Dyfed, 

UK) connected to a figure-eight coil (90 mm outer loop diameter). To determine the 

optimal site to evoke MEP’s in the contralateral hand muscles, participants were fitted 

with a Waveguard TMS compatible cap. A U-shaped neck cushion was used to restrain 

head movements and prevent neck fatigue. With the coil held ~45  in the mid-sagittal 

plane, the approximate location of the hand motor area on the left hemisphere was 

explored in 1 cm steps until reliable MEP’s could be evoked in the target muscle. This 

site was then marked with a red dot to ensure consistent coil positioning. After 

determination of this stimulation ―hotspot‖, the coil was held in place manually by one of 

the experimenters. The experimenter frequently reassessed the coil position to ensure that 

it remained over the optimal stimulation site throughout the experiment. All testing took 
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place between 9am and 4pm to avoid any variability in corticospinal excitability which 

could be influenced by wakefulness (Doeltgen & Ridding, 2010). 

From the TMS assessment, we derived the following excitability measures on 

each hemisphere: RMT, MEP amplitude at rest, RC, cSP and iSP.   

 

a. Resting motor threshold (RMT) 

 The RMT was determined using a procedure described by Mills and Nithi (1997) 

to obtain the minimal stimulation intensity required to evoke reliable MEP’s in the target 

muscle while the subject is at rest. This method showed good reliability and suggested 

that it might be superior to other possible algorithms to calculate RMT (Tranulis et al., 

2006). First the stimulus intensity was gradually decreased in 1% steps until there were 

no motor responses in 10 consecutive trials (lower threshold). Intensity was then 

increased in 1% increments to find the minimal intensity that would produce reliable 

peak-to-peak amplitude MEPs of at least 50 µV 10 consecutive trials (upper threshold). 

The RMT was defined for each participant as the median intensity between the upper and 

lower threshold values. EMG was continuously monitored on an oscilloscope, at high 

gain, to ensure the absence of any muscle activity during the test.  

b. Recruitment curve (RC) 

For RC measurement, the stimulator intensity was initially set at 90% of the 

previously determined RMT value. Ten MEPs are then recorded at this intensity in order 

to obtain a reliable MEP amplitude (Christie, Fling, Crews, Mulwitz, & Kamen, 2007). 

From this point, the stimulator output is increased gradually by 10% increments of their 
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RMT with 10 MEPs being recorded for each subsequent increase reaching a maximum of 

130% RMT.  

 

c. Contralateral silent period (cSP)  

The cSP was calculated with the stimulator output intensity adjusted to 120% of 

RMT in order to achieve reliable measures (Thomas, Enoka, Gandevia, McComas, & 

Stuart, 1995). Ten pulses were administered while the subject held the pinch 

dynamometer with a contraction corresponding to 25% of their MVC. 

 

d. Ipsilateral silent period (iSP).  

To obtain a reliable iSP, the motor cortex was stimulated at an intensity of 120% 

of RMT while a minimal contraction was maintained in the contralateral hand and the 

ipsilateral hand is performing a key pinch at maximal strength (Giovannelli et al., 2009). 

Five pulses were given to the ipsilateral cortex to determine the average duration of the 

iSP. 

 

Analysis of MEP data and background EMG  

All EMG data were stored for offline analysis. MEP amplitude (peak-to-peak) and 

latency were measured for each trial and then averaged to derive mean individual values 

for each task condition. RCs were obtained by plotting the increases in MEP amplitude 

against corresponding increases in TMS intensity. As suggested by Ray et al. (2002), we 

used simple linear regression analyses to compute the slope of each RC. However, recent 

studies have found that an RC done with a wide range of intensities until a plateau is 
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reached follows the non-linear Boltzmann equation (Devanne, Lavoie, & Capaday, 

1997). To adjust for this, we used a more limited range of intensities between 90% and 

130% of RMT which has been found to exhibit a nearly linear relationship (Lewis, 

Polych, & Byblow, 2004). The slope summarizing the strength of the RC provided a 

single parameter for statistical comparisons.  

 

MEP traces were also analyzed off-line to determine the duration of the cSP, 

which was calculated as the time interval from the onset of the MEP to the return of at 

least 50% of the mean pre-stimulus background EMG activity. For iSP measures, three 

parameters were measured by inspecting trials individually. First, the onset latency of 

transcallosal inhibition (LTI) was determined as the time from the stimulus onset till the 

1st sign of significant decline (>25%) in background EMG activity. The second 

parameters consisted of determining the duration of transcallosal inhibition (DTI) by 

measuring the time in ms from the onset of TI till the 1st sign of recovery in the 

background EMG (Bushnell, Duncan, & Tremblay, 1993). Thirdly, the area under the 

curve during the DTI was taken into account (iSParea).  

 

Statistical analysis 

The positively skewed MEP amplitudes were not normally distributed therefore 

individual mean values were squareroot transformed to compute slopes for the RC. The 

transformed MEP values significantly improved the goodness of fit of the linear slope of 

the RC when compared to the raw MEP data (right hand t(28)=5.542, p < .001; left hand 
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t(28)=2.312, p < .05). Grubb’s tests were done for each variable to identify and remove 

any significant outliers. A total of 12 outliers were removed in total. 

Repeated measures ANOVAs were used to determine the impact of within- and 

between-subjects factors on the dependant variables. In all analyses, the reapeated factors 

was ―hand‖ (right vs. left) and the between factors consisted of age group (young vs. 

senior). Post—hoc planned comparisons were performed to examined right-left 

differences between hands using paired t-tests. The age-group*hand interactions were 

examined to determine if intermanual or interhemispheric asymmetries differed between 

age groups. An Analysis of Covariance (ANCOVA) was performed to examine certain 

covariates (e.g. height) known to influence MEP characteristics. Pearson’s correlations 

were used to examine the relationships between selected neurophysiological measures 

and performance in the hand function tests. All tests were performed using SPSS 

software version 17.0 for Windows  (Chicago, IL, USA). Figures were prepared using 

GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego California 

USA, www.graphpad.com).  
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Results 

All participants successfully completed all the testing with little to no discomfort. 

As shown in Table 1, tuning fork measures were all within the norms for each age group. 

 

 Comparison of Behavioral Measures of right and left hand function 

Mean values for hand function measure for the two age groups are shown in Table 2. 

Young subjects performed significantly better with their dominant hand on every test 

(p<.01), except for SRT which tended towards better performance in the right hand but it 

did not reach statistical significance (t(12)=1.99, p=.07). Senior subjects mirrored the 

young subjects and performed significantly better with their dominant hand (p<.05) on 

most hand function measures. However, unlike their younger counterparts, seniors had 

significantly faster reaction times with their dominant hand (t(14)=2.34, p=.035). 

Furthermore, no age-group*hand interactions was detected (F<2.89, p>.10) on any 

functional tests, indicating that right-left differences observed in seniors were similar to 

those observed in young subjects.  

 

Right-left differences in Neurophysiology measures 

In general, only small differences were observed between right and left TMS 

measures of corticomotor excitability in both age groups. The fact that no age-

group*hand interactions (F<2.34, p>.14) were detected in the ANOVAs indicated that 

interhemispheric differences were not influenced by age. Individual examples of right-

left variations in MEP amplitude at increasing TMS intensities are shown in Figure 1 for 
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young and senior subjects.  The results indicate an increase in MEP amplitude with 

higher stimulation intensity was relatively comparable in the two hemispheres for both 

subjects. Similarly, Figure 2 shows that inter and intrahemispheric measures of cortical 

inhibition, as reflected in the duration of the iSP and cSP respectively, were largely 

comparable in both hemispheres in both the young and senior subject. The average right 

and left intra and interhemispheric measures of excitability are shown in Table 3 for all 

participants in the two age groups. Both young and senior participants exhibited only 

small variations between measures for the right and left hemispheres. In fact, apart from 

the difference in resting MT found in senior (t(16)= 2.89, p=.011); none of the intra or 

interhemispheric measures of excitability differed significantly between the right and left 

hemispheres.  

Age differences in measures of intrahemispheric motor excitability and interhemispheric 

inhibition 

As shown in Table 3, significant age differences were found for measures of 

intrahemispheric excitability and interhemispheric inhibition in both the right and left 

hemispheres. However, the age difference in MEP latency at 120% MT in the resting 

state (Latency120) was not significant (F(1,27)= 3.42, p=.075), but this was accounted for 

by the fact that younger subject were significantly taller than seniors (p=.04). When 

height was entered into as a co-variate in an ANCOVA, significant age-related 

differences in MEP latencies were found (F(1,26)= 15.55, p<.001). Therefore, only the 

ANCOVAs were taken for further analysis for all latency measures. 
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Relationship between TMS measures of corticospinal function and hand performance in 

the two age groups. 

Preliminary analysis of the relationships between neurophysiological measures 

and behavioral measures indicated a stronger association between specific set of 

variables. Therefore, the correlative analysis was performed only on this subset of 

selected variables. Correlation coefficients between the selected TMS markers of 

corticospinal excitability in the right hemisphere and behavioral measures of left hand 

function are given in Table 4 and Table 5 contains relationship data for the right hand and 

left hemisphere. As seen in Table 4 and 5, all significant correlations pointed to TMS 

markers of increased excitability, shorter latencies or greater inhibition as better 

predictors of performance in the tests. Examples of such relationships can be found in 

Figure 3. Intrahemispheric measures of excitability in the resting state correlated only 

infrequently with hand function (i.e., 2 in the left hand and 3 in the right hand). In 

contrast, similar measures performed in the active state provided stronger and more 

frequent correlations with behavior (4 in the left hand and 5 in the right hand). Likewise, 

measures of interhemispheric inhibition correlated well with manual performance in both 

the left hand and the right hand. Thus, in general, our analysis revealed that TMS 

measures performed during active contraction and involving the dominant right hand 

provided correlated better with behavioral performance as opposed to measures 

performed at rest or involving the non dominant left hand. 



44 
 

Discussion 

In the present study, we investigated the relationships between neurophysiological 

measures of corticospinal excitability obtained with TMS and behavioural measures of 

hand function in young and senior individuals. We also sought to determine if a lifetime 

of preferential use would alter intermanual and interhemispheric asymmetries; favoring 

the dominant hand and hemisphere. Three main results emerge. First, we found that most 

neurophysiological and behavioral measures observed were significantly affected by age. 

Second, our results indicate that right versus left intermanual or interhemispheric 

asymmetries are not significantly altered by age, with the dominant right hand 

outperforming the left hand in almost all tests. Third, there is an overall trend suggesting 

that specific TMS measures of intrahemispheric excitability and corresponding measures 

of interhemispheric inhibition provide valid markers of age-dependant change in manual 

performance. 

 

Age differences in hand function and in TMS measures 

As expected, we found significant age-related declines in hand function with both 

the right and left hand. The effect of age on manual slowing, sarcopenia, sensory 

deterioration and functional ability is well documented (Agrawal et al., 2009; Mutha & 

Sainburg, 2009; Rosenthal, Roche-Kelly, Husain, & Kennard, 2009). Consistent with 

previous studies, we found significant age differences on GPT scores (Fathi et al., 2010), 

reaction times (Agrawal, Vats, Wallace, Salhan, & Mittal, 2008; Basu et al., 2006), finger 

tapping (Aoki & Fukuoka, 2010) and grip strength (Bhattacharya, Mittal, Bhansali, 

Radotra, & Behera, 2006). We also found that age had no major effect on SRT, a finding 



45 
 

consistent with other studies (Sharma, Kumar, Mittal, Misra, & Dadhwal, 2005). Cerella 

& Halle (1994) suggested that processes involved in SRT were relatively well preserved 

with healthy aging, and thus, excessively prolonged SRT in older individuals could be 

indicative of perceptual, motor or cognitive deficits. 

Our comparison of TMS measures at rest in young and senior subjects reveal a 

decrease in corticospinal excitability with age both in the resting and in the active state. 

This was manifested in the increased RMT combined with reduced MEP amplitude at 

rest and during contraction found in senior individuals. Age effects on MEP latency was 

found only during active conditions and not during rest, when height was not considered 

as a covariate, but this could be due to the decreased variability in MEP properties with 

active contraction (Wassermann, 2002). Previous studies have provided conflicting 

evidence concerning the effects of age on baseline measures of excitability, some studies 

finding significant age-related differences on RMT (Levin et al., 2011; Peinemann et al., 

2001; Rossini et al., 1992) and MEP amplitude (Oliviero et al., 2006; Pitcher et al., 2003) 

while others found no changes with age in RMT(Cirillo, Rogasch, & Semmler, 2010; 

Pepin et al., 1999; Pitcher et al., 2003; Rossi et al., 2004) of MEP amplitude (Fathi et al., 

2010; Levin et al., 2011; Rogasch, Dartnall, Cirillo, Nordstrom, & Semmler, 2009). 

These inconsistencies in results likely reflect differences in methodological approaches 

and stimulation paradigms. For instance, in the present study, we used biphasic pulses 

instead of the monophasic pulses that were used in most other TMS studies. These 

different stimulus waveforms have been found to have a significant effect on cortical 

activation, biphasic pulses being more effective at activating cortical neurons than 

monophasic pulses for the same energy of the capacitor (Kammer, Beck, Thielscher, 
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Laubis-Herrmann, & Topka, 2001). Furthermore, TMS waveforms were found to have 

profound effects on RMT, MEP area and cSP duration measurements (Di Lazzaro et al., 

2001; Orth & Rothwell, 2004; Sommer et al., 2006). Another source of discrepancy 

between studies is the inherent large variability that exists both within and between 

subjects when determining primary measures of excitability such as RMT. This 

variability limits the potential of detecting functional differences both in healthy 

individuals and in clinical populations (Tranulis et al., 2006; Wassermann, 2002).  

The decrease in basic measures of corticospinal excitability with age could reflect 

different alterations affecting the corticospinal system. An increase in RMT could reflect 

structural age-related alteration such as those affecting white matter integrity (Klöppel et 

al., 2008) or a decreased excitability of cortico-cortical connections or in corticospinal 

synapses (Talelli et al., 2006). Changes in RMT could also be caused by age-related 

cortical thinning, which alters the scalp-cortex distance (Kozel et al., 2000; McConnell et 

al., 2001) and is known to be strongly positively correlated to threshold values (Klöppel 

et al., 2008; Stokes et al., 2007). The reduced MEP amplitude both at rest and with 

contraction is considered a strong marker of the age-related reduction in the strength of 

corticospinal projections (Rossi, Babiloni, & Polich, 2007). This reduction is thought to 

be caused by a decrease in the number of corticospinal projections being activated with 

each stimulus along with a reduction in the synchronous activation of the spinal motor 

neurons (Rossini, Rossi, Babiloni, & Polich, 2007). Increased MEP latency with age 

likely reflects alterations in central conduction affecting temporal synchrony in 

corticospinal fibers combined with delayed conduction at the peripheral level such as 

increased internode distance with age (Levine, Elgert, & Mittal, 2003).   
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In parallel with age-related changes in basic measures of excitability, we also 

found significant decreases in measures of cortical inhibition, as reflected in shorter cSP 

and iSP durations measured in seniors. Previous studies support our results, indicating a 

shorter silent period with age (Oliviero et al., 2006; Sale & Semmler, 2005). This 

reduction in cSP suggests a reduction in the strength of the corticospinal projections as 

well as impaired GABAergic transmission with a reduced inhibition mediated by GABAB 

receptor subtype (Chen et al., 2008).  As for the iSP, this study is one of the first to report 

a decrease in this variable reflecting efficiency of transcallosal inhibition between motor 

cortices. The decreased transcallosal inhibition with age could reflect alteration in the 

integrity of the white matter in the corpus callosum, as suggested in a recent review by 

Seidler et al. (2010). Such an interpretation is further supported by the increased latency 

of transcallosal inhibition we found in seniors, which could also be affected by alterations 

in the quantity and quality of motor callosal connections with age (Michielse et al., 

2010). On the other hand, given that iSP-derived measures such as DTI, iSParea and LTI 

are influenced by stimulation intensity (Chen et al., 2003; Meyer et al., 1995), there is a 

possibility that age-related differences in iSP parameters could have been affected by the 

increased RMT found in the older age-group. Similar observations were found by Pitcher 

et al. (2003), where higher stimulus intensities were needed in the older age group to 

achieve the results of the young subjects. It remains that the present observations on TMS 

measures of inhibition are consistent with other TMS reports in supporting the notion that 

the excitability of intracortical circuits mediating inhibition is reduced in the motor cortex 

with age (Fling, Peltier, Bo, Welsh, & Seidler, 2011; Peinemann et al., 2001; Sale & 

Semmler, 2005).  
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Right-left asymmetries 

In accordance with the HAROLD (hemispheric asymmetry reduction in older 

adults) model for aging  (Singh, Sachan, Devi, Pandey, & Mittal, 2008), we did not find 

evidence for greater right-left asymmetries in either our measures of hand function or our 

measures of corticospinal excitability. At the behavioral level, senior individuals 

exhibited the same advantage for performance with the right hand as was observed in 

younger subjects. However, this functional right-lateralized asymmetry in hand function, 

was not reflected at the neurophysiological level since TMS measures of excitability were 

highly comparable between the two motor cortices in both young and old subjects. Right-

left differences in hand performance reflect a multitude of factors acting both at the 

central (e.g. sensorimotor representation, motor planning and programming) and 

peripheral level (e.g. muscle strength, joint flexibility, proprioception; Seidler et al., 

2010), whereas TMS-derived measures reflect only one major, albeit critical, component 

of hand function associated with the corticospinal control of fine execution. It is therefore 

expected that TMS measures cannot account for all the complex interactions that underlie 

age-related changes in asymmetry at the functional level (Brouwer, Sale, & Nordstrom, 

2001; Sale & Semmler, 2005). This issue will be further addressed bellow in the section 

examining correlations between TMS measures and function. 

Going back to the HAROLD model, this model is largely concerned with the 

reduced left-lateralized activation observed in the prefontral cortex (PFC) of older 

individuals when they are engaged in verbal memory or executive control tasks (Singh, 

Sachan, Goel, & Mittal, 2008). Recent diffusion tensor imaging evidence provides further 

support for no greater asymmetries in diffusivity and cerebral volume with age; except in 
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the dorsal cingulum (Michielse et al., 2010). The present observation that senior 

exhibited no evident hemispheric asymmetries in the various TMS measures of 

corticospinal excitability is more concordant with the HAROLD model than the classical 

right hemi-aging model. The latter model proposes that cognitive function attributed to 

the right hemisphere decreases in function notably quicker than the dominant left 

hemisphere function, especially in right handed subject. Although this model was initially 

supported by observed changes in verbal processing (Brown & Jaffe, 1975; Goldstein & 

Shelly, 1981); the inability to replicate and generalize the results to other tests evaluating 

spatial and verbal components have left many to favor the HAROLD model (Dolcos, 

Rice, & Cabeza, 2002). 

While older individuals tend to see themselves as strongly lateralized when assessed 

using various handedness inventory tests (Fleminger, Dalton, & Standage, 1977), this 

perception does not seem to be reflected at the behavioral level, unlike in younger 

subjects (Kalisch, Wilimzig, Kleibel, Tegenthoff, & Dinse, 2006). In fact, our group of 

seniors was as much as right-lateralized as our group of young subjects, an observation 

consistent with recent reports indicating similar perception of laterality in hand function 

with age (Francis & Spirduso, 2000; Kalisch et al., 2006; Przybyla, Haaland, Bagesteiro, 

& Sainburg, 2011).The observation that right hand dominance does not becomes stronger 

with age, in spite of many years of preferential use, could be due to the increased use of 

the non-dominant hand in daily life activities as people age (Kalisch et al., 2006). This 

implies an important reliance on bimanual actions with advancing age. This may be 

related to increasing occurrences of impairments in the right hand(Carmeli et al., 2003), 

forcing individuals to use the left hand in a greater extent in everyday tasks. This 
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increased reliance on the non-dominant hand could drive experience-dependent plastic 

changes in the motor system, which is known to affect both intracortical excitability and 

interhemispheric inhibition (Avanzino, Bassolino, Pozzo, & Bove, 2011; Caramia, 

Scalise, Gordon, Michalewski, & Starr, 2000; Rosenkranz, Williamon, & Rothwell, 

2007). In this connection, the suggestion that older people tend to rely more on bimanual 

control than young may explain the absence of strong asymmetries at the corticomotor 

level with age, as we found in the present study. 

 

Relationship between neurophysiological measures and hand function 

One of the major goals of the present study was to examine possible relationships 

between TMS-derived measures of corticospinal excitability and behavioral measures of 

hand function in young and old subjects. From the correlative analyses, we found that 

some key measures of corticospinal excitability provided better predictors of hand 

function and its change with age. In general, intrahemispheric TMS measures of resting 

excitability, such as RMT and resting MEP amplitude, proved to be only poor to fair 

predictors of hand function. In fact, RMT was found to be a very poor predictor of hand 

function; for it was not significantly correlated with any measure of hand function in 

either the right or left hand. The RC at rest, on the other hand, was a better predictor of 

hand function. This supports the notion that the RC provides a good index of the strength 

of corticospinal projections and is relatively independent of the RMT (Ray, McNamara, 

& Boniface, 2002). In fact, RC was found to be the best predictor among all the other 

TMS resting measures of intrahemispheric excitability.  
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The poor predictive power of RMT and MEP amplitude is surprising given that these 

measures have been largely used in other studies that have attempted to relate hand 

function to TMS markers of corticospinal excitability (Sale & Semmler, 2005; Triggs, 

Calvanio, & Levine, 1997; Triggs, Subramanium, & Rossi, 1999). Their weak predicting 

power could partially explain the conflicting results found in previous reports. For 

example, finger tapping has been found to either correlate strongly or weakly with TMS 

measures of corticospinal excitability (Brouwer et al., 2001; Garvey et al., 2003; Sale & 

Semmler, 2005; Triggs et al., 1997). Despite these conflicting results, most TMS studies 

have found that improved manual performance is generally associated with enhanced 

corticospinal excitability (Brouwer et al., 2001; Garvey et al., 2003; Sale & Semmler, 

2005; Triggs et al., 1997). 

Intrahemispheric measures in the active state, such as MEPfac, proved to be far better 

predictors of hand function than similar measures performed at rest. Such findings 

possibly reflect the fact that MEP amplitude during contraction provides better estimates 

of the ―true‖ excitability of the corticospinal projections than MEP amplitude at rest 

(Talelli et al., 2006). This, in turns, probably reflects attenuated fluctuations in synaptic 

excitability, thereby providing a more secure excitation of corticospinal neurons, as 

demonstrated by the reduced variability of MEP amplitude when elicited during a low 

submaximal contraction compared to rest (Darling, Wolf, & Butler, 2006). Further, this 

reduced variability in MEP amplitude could be of great importance, especially in the 

seniors, where increased variability is typically seen at the behavioral and cognitive level 

(Hultsch, MacDonald, & Dixon, 2002; Morse, 1993). Besides, given that measurements 

in hand function reflect performance in the active state, it makes sense that TMS should 
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also be performed in an active, to assess excitability of the system in the same behavioral 

state.  

Our results also show that more significant correlations are found between the left 

hemisphere and the right hand than in the corresponding relationship between the 

compared to the right hemisphere and the left hand. This observation could reflect the 

more unpredictable nature of measurements performed both on the right motor cortex and 

with the left hand, where greater variability was observed both at the intra and inter-

individual levels. This could also reflect adaptations at the functional and 

neurophysiological level caused by the relative use of the two hands in daily activities 

(Avanzino et al., 2011) or in sports (Pearce, Thickbroom, Byrnes, & Mastaglia, 2000) 

and leading to a stronger and a more stable corticomotor representation of the right 

dominant hand strengthening in the left hemisphere (Cirillo et al., 2010). Recent literature 

has put forward the hypothesis that the left hemisphere plays a dominant role in the 

execution and planning of skilled movements (Frey, 2008; Haaland, Harrington, & 

Knight, 2000; Janssen, Meulenbroek, & Steenbergen, 2011) and thus this might explain 

why correlations with hand function were more frequent and stronger in the left motor 

cortex than with the right motor cortex. Future research with left-handers will need to be 

performed to determine whether the excitability-function relationships between one 

hemisphere and the dominant hand is related to preferential use or is an inherent 

specialization of the left hemisphere. 

Interhemispheric inhibition measures provided fair to good correlations with hand 

function, with the largest correlations being found for the left to right interhemisphere 

inhibition and right hand function. Interhemispheric inhibition is critical for independent 
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coordination of each hand during bimanual actions. Individuals who have underwent 

callosotomy to alleviate severe epilepsy show hand coordination deficits in temporal 

coupling tasks (Kennerley, Diedrichsen, Hazeltine, Semjen, & Ivry, 2002). Furthermore, 

iSP were found to correlate with improved performance during bimanual activation 

(Giovannelli et al., 2009). Hence, although iSP measurements were found to be correlated 

to unimanual hand function tests in the present study, they may be better suited to predict 

behavior at bimanual tasks.   

Our observations on the importance of iSP in predicting hand performance are in line 

with recent reports (Lindberg, Feydy, & Maier, 2010; Sullivan, Rohlfing, & Pfefferbaum, 

2010) examining age-associated changes in white matter using fractional anisotropy (FA) 

based on diffusion tensor imaging. FA reflects the structural characteristics of white 

matter and is used as a quantitative measure of white matter integrity. Variations in FA 

were found to correlate with age and also with better hand performance, suggesting that 

axonal and myelin integrity are critical factors in influencing manual dexterity (Budde et 

al., 2007); this is similar to what we can infer from the present results on 

neurophysiological correlates of short cortico-cortical (iSP) and long descending 

corticospinal projections (RC, MEPfac, cSP) from the TMS measures. In this respect, our 

results could be used as possible building blocks for the development of normative data 

on neurophysiological markers of hand function to reflect normal changes when one goes 

from young to old age. Such a database could provide critical information to distinguish 

between alterations due to normal aging and those linked with pathological processes 

caused by undiagnosed neuropathies, movement disorders or musculoskeletal injuries 

(Chen et al., 2008).   
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Conclusion 

Healthy human aging leads to changes in hand functional ability and these 

changes are reflected to a large extent in TMS measures performed in the active state and 

reflecting either intrahemispheric excitability or interhemispheric inhibition. Our findings 

highlight in particular the fact that the behavior-TMS relationships were more frequent 

and stronger for the right hand/left hemisphere couple than for the left hand/right 

hemisphere couple in our sample of young and senior subjects. These results provide a 

basis to develop normative data that could be used for the early diagnosis of age-related 

impairments affecting hand function in seniors. 
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 Tables 

 

Table 1. Demographic characteristics of the participants 

  Age 

(years) 

Height 

(cm) 

Weight 

(kg) 

BMI Tuning fork 

score 

Young       

 Males     

(n = 8) 

23.5 ± 3.0 182.1 ± 7.1 76.4 ± 7.2 23.0 ± 1.8 7.6 ± 0.4 

 Females 

(n = 5) 

20.6 ± 2.3 160.9 ± 4.7 54.9 ± 4.8 21.2 ± 1.5 7.9 ± 0.2 

Senior       

 Males      

(n = 6) 

72.3 ± 5.9 173.9 ± 4.1 77.6 ± 15.1 25.6 ± 4.6 7.7 ± 0.4 

 Females 

(n = 11) 

73.4 ± 8.7 161.2 ± 7.7 64.4 ± 8.9 24.8 ± 3.0 7.6 ± 0.4 
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Table 2. Bilateral manual performance in hand function tests in the two age groups 

 Young 

(n=13) 

 Senior 

(n=17) 

 

 

Test 

 

Right Hand 

 

Left Hand 

  

Right Hand 

   

Left Hand 

 

GPT (s) †† 

 

 

55.5 ± 4.9 *** 

 

67.5 ± 6.9 

 

88.5 ± 33.6 ***  

 

100.3 ± 38.9 

SRT (ms) 

 

202.8 ± 14.7 211.8 ± 17.4 217.5 ± 22.6 * 224.1 ± 23.9 

MovT (ms) ††† 

 

461.8 ± 47.0 ** 510.7 ± 58.6   636.6 ± 155.3 * 672.3 ± 188.6 

FTT (# taps) ††† 

 

100.2 ± 9.5 *** 89.8 ± 7.4 81.1 ± 10.6 *** 75.1 ± 12.0 

MVC (kg) ††† 10.1 ± 2.5 ** 9.2 ± 2.4  7.2 ± 1.7 ** 6.7 ± 1.6  

Values for right and left hands are means ± standard deviation. Only the means of the 

absolute differences between right and left are present for the Δdiff. GPT – Grooved 

Pegboard Time; SRT – Simple Reaction Time; MovT – Reaction and Movement Time; 

FTT – Finger Tap test; MVC – Maximum voluntary contraction.  

† Significant young-senior difference from ANOVA († p<.05; †† p<.01; †††p<.001).  

* Significant right-left difference, as determined with paired t-test (* p<.05; **p<.01; 

***p<.001). 
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Table 3.  Bilateral measures (Mean ±SD) of hemispheric motor excitability in the two age 

groups 

 Young Senior 

 

TMS measures 

     Right 

Hemisphere 

      Left 

Hemisphere 

     Right 

Hemisphere 

     Left 

Hemisphere 

 

Intrahemispheric  

    

Resting state     

RMT (% output) † 61.0 ± 11.3 57.6 ± 8.3 71.9 ± 12.5* 67.7 ± 13.0  

MEP120 (mV) †† 1.0 ± 0.75 0.99 ± .77 0.44 ± 0.35 0.45 ± 0.33 

Latency120 (ms) †† 22.9 ± 1.3 22.8 ± 1.4 24 ± 2.1 24.0 ± 1.9 

sqrtRC †† 1.0 ± 0.4 1.0 ± 0.4 0.5 ± 0.3 0.7 ± 0.3 

Active state  

MEPfac(mV) ††† 

 

4.3 ± 1.4 

 

4.1 ± 0.9 

 

2.6 ± 1.2 

 

2.9 ± 1.2 

Latencyfac (ms) ††† 20.5 ± 1.7 20.3 ± 1.3 22.2 ± 2.2 21.8 ± 2.0 

cSP (ms) †† 137.8 ± 24.5 131.6 ± 21.1 107.6 ± 20.2 111.8 ± 22.6 

Interhemispheric 

(Active state) 

    

DTI (ms) ††† 14.9 ± 4.4 16.7 ± 4.8 10.4 ± 2.1 11.2 ± 2.3 

LTI (ms) ††† 34.1 ± 2.8 33.2 ± 2.8 39.9 ± 3.4 38.4 ± 3.8 

iSParea ††† 3.3 ± 1.6 4.0 ± 1.5 1.4 ± 0.4 1.7 ± 0.9 

 RMT: Resting Motor Threshold; MEP120: MEP eat 120% RMT; Latency120: MEP latency at 

120% RMT; sqrtRC:  Squareroot transformed slope of the recruitment curve; MEPfac:: MEP 

elicited durin active contraction; Latencyfa:  MEP latency during active contraction; cSP : 

Contralateral silent period; DTI – Duration of transcallosal inhibition; LTI – Latency of 

transcallosal inhibition; iSParea  

Symbols as in Table 2. 
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Table 4. Associations between selected TMS measures and manual performance of the 

left hand  

 

TMS measures for 

right hemisphere 

  

GPT 

 

SRT 

 

MovT 

 

FTT 

 

MVC 

Intrahemispheric 

excitability 

Resting state 

      

RMT r=  .24 .17 .06 -.10 -.33 

MEP120 r= -.18 .05 -.12 .19    .50** 

sqrtRC r=  -.22 .12 -.14 .13 .41* 

Active state       

MEPfac r=  -.34 -.05 -.24 .33    .48** 

cSP r=  -.29 -.24    -.45* .39*  .39* 

Interhemispheric 

inhibition        

(Active state) 

      

DTI r=  -.32 -.09 -.29 .34    .44* 

LTI r=    .45* .09 .11 -.32 -.33 

Values represent the Pearson’s r coefficient. 

Abbreviations as in Table 2 and Table 3.  

*p<.05; **p<.01 
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Table 5. Associations between selected TMS measures and manual performance of the 

the right hand  

 

TMS measures for 

left hemisphere 

  

GPT 

 

SRT 

 

MovT 

 

FTT 

 

MVC 

Intrahemispheric 

excitability  

      

Resting state       

RMT r=  .36 .26 .33 -.24 -.34 

MEP120 r= -.37 -.33 -.32 .35 .34 

sqrtRC r=  -.38*   -.39*   -.43* .27 .32 

Active state       

MEPfac r=     -.53** -.36   -.50**  .45* .21 

cSP r=   -.43* -.26 -.39* .21 .21 

Interhemispheric 

Inhibition    

(Active state) 

      

DTI r=  -.25 -.08 -.25 .31 .32 

LTI r=     .52** .17  .39*  -.45*  -.37* 

Values represent the Pearson’s r coefficient. 

Abbreviations as in Table 2 and Table 3.  

*p<.05; **p<.01 
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Figure Legends: 

 

Figure 1. Examples of bilateral MEP data recorded at increasing TMS intensities in a 

young and a senior subject. Note the increase in MEP amplitude with higher intensities, 

which provides the basis for determination of the recruitment curve. Note also that MEP 

responses are highly comparable between the two hands in each subject and the relative 

reduction in amplitude observed in the senior. 

 

Figure 2. Individual examples of ipsilateral and contralateral silent period measured in a 

young and a senior subject. Note the relative decrease in the duration of the iSP and cSP 

in the senior subject. 

 

Figure 3. Scatterplots illustrating the relationships between selected TMS markers and 

performance in the manual dexterity test. Note the stronger associations found for the 

right hand/left hemisphere couple as opposed to the left hand/right hemisphere couple.  
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General discussion and conclusion 

In conclusion, we determined that a lifetime of preferential use of the right hand 

did not significantly alter the existing functional and neurophysiological asymmetries. 

This indicates a maintenance of laterality with age.  

We noted a significant age-related impairment of hand function, intrahemispheric 

excitability and interhemispheric inhibition. These changes reflect alterations in 

corticospinal excitability, transcallosal connectivity and signal propagation, which could 

all have an effect on the age-related degradation of hand function we observed. 

 Most importantly, we were able to successfully describe the relationships that 

exist between neurophysiological markers obtained through TMS and hand function. 

Measures of intracortical excitability taken during the active condition were found to be 

better predictors of hand function than either the similar measures taken during the 

resting condition, or measures of interhemispheric inhibition. Furthermore, we found the 

behavior-TMS relationships were more frequent and stronger for the dominant right 

hand/left hemisphere couple, at least in our subset of right-handed individuals. Therefore, 

TMS markers of corticospinal excitability taken during the active state in the dominant 

hand could be used as tool for early prognosis of pathological aging.  
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HEALTH QUESTIONNAIRE FOR TRANSCRANIAL MAGNETIC STIMULATION 

APPLICATIONS 

 

IMPORTANT NOTICE 

The present study involves the use of a magnetic stimulator to induce micro-current in the 

brain through a coil applied on the scalp. Although the technique is known to be safe and 

virtually painless, we need to screen our subjects to exclude those who might be at risk. 

This is why we ask you to fill this health questionnaire, as a potential participant. 

Part. # ____ 

 

Have you consulted a physician recently (i.e., in the last 12 months)? 

Yes 

No 

If No, when was your last visit? ____________________ months/years 

 

Have you ever been diagnosed with any of the following conditions? 

Epilepsy 

Migraine 

Traumatic brain injury 

Depression 

Stroke or TIA (Transient Ischemic Attack) 

Heart Conditions (angina, hearth failure) 

Hypertension (high blood pressure) 

Sciatica or disc problems 

Arthritis 

Diabetes 

Any other conditions? (e.g., Parkinson’s, MS, pain, numbness, etc.) 

Yes please specify:_____________________________________ 

No, 

 

Are you presently (in the last month) taking any prescribed medication? (e.g., 

antidepressants, cough or cold, insulin) 

Yes please specify:_______________ 

No, 
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Do you have any metal implants in your body? 

Yes please specify where :___________________________ 

No, 

 

Do you a have a ―pace-maker‖ for cardiac stimulation? 

Yes 

No, 

 

Are you presently receiving any form of medical treatment? 

Yes please specify the reason:_____________________________ 

No 

 

For women, are you pregnant or do you think you might be? 

Yes 

No 

 

Do you considered yourself in good health? 

Yes  

No, 

 

Do you tend to faint or have strong reactions in response to unusual situations (e.g., 

seeing blood, on the dentist’s chair)? 

 

 

 

Do you have any other health condition of which we should be made aware? 

Yes please, specify:_______________ 

No 

 

I acknowledge that I have answered this questionnaire to the best of my knowledge 

and that my answers truly reflect my health status. 

 

 

_______________________________ 

Signature 

 

 

_______________________________ 

Date 
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Handedness questionnaire 
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Age-related changes in motor transcallosal inhibition as reflected ispsilateral silent period 

correlate with declines in unimanual hand function. 

T. Davidson
1,3

 and F. Tremblay
1,2,3

. 

1
Sch. of Human Kinetics, 

2 
Sch.Rehabilitation. Sciences, Univ. Ottawa, Ottawa, ON, 

Canada. 
3 

Elisabeth Buyere Research Institute, Ottawa, ON 

 

Previous studies suggest a decrease in interhemispheric inhibition between motor cortices 

with age (Fling et al, Frontiers Neurosc 5, 2011). In this study, we examined this issue 

with transcranial magnetic simulation (TMS) using the ipsilateral silent period (iSP) as a 

surrogate measure of transcallosal inhibition in the motor cortex. We looked more 

specifically for the presence of greater right-left asymmetries with age and whether 

interhemispheric inhibition might be linked with declining hand function. Participants 

consisted of young (n=13, 19-25 years) and old (n=16, 65-83) right-handed healthy 

individuals. For hand function, participants were assessed with the grooved pegboard test 

and for pinch strength. For iSP measurements, supramaximal TMS pulses (120% RMT) 

were applied on the motor cortex with participants exerting a maximal voluntary 

contraction with the ipsilateral hand while the contralateral hand exerted a light 

contraction. Transcallosal inhibition between motor cortices was determined by 

measuring the area of the iSP. As expected, participants showed large and significant 

(p<0.001) right-left asymmetries in both dexterity scores and in grip strength. In contrast, 

right-left comparisons of iSP area revealed no significant difference between hemispheres 

in the two age groups (mean diff. young, 0.71 mV.ms; old, 0.45 mV.ms). On the other 

hand, young subjects showed, on average, 50% larger iSP area than older subjects in both 

motor cortices. Interestingly, dexterity scores in the two hands were found to be inversely 

correlated (p<0.05) with iSP area (right, r= -0.39; left, r= -0.51); suggesting a link 

between declining dexterity with age and reduced interhemispheric inhibition. These 

results highlight the lack of correspondence between the large asymmetries often found at 

the functional level and those found at the neurophysiological level with TMS, which can 

be small or absent. Our results are also in line with other TMS reports showing a reduced 

excitability of inhibitory cortical circuits with age, in particular, those involved in 

mediating transcallosal inhibition between motor cortices (Langan et al. Front Sys 

Neurosc 4, 2010). 

 


