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SUMMARY
This thesis describes a series of experiments in human observers using neurophysiological
and behavioural approaches to investigate the effects of varying haptic stimuli, attentional
demand and age on motor control and perception during haptic sensing (i.e., using the hand to
seek sensory information by touch). In Experiments I-IV, transcranial magnetic stimulation
(TMS) was used to explore changes in corticomotor excitability when participants were actively
engaged in haptic sensing tasks. These studies showed that corticospinal excitability, as reflected
in motor evoked potential (MEP) amplitude, was greatly enhanced when participants were
engaged in different forms of haptic sensing. Interestingly, this extra corticomotor facilitation
was absent when participants performed finger movements without haptic sensing or when
attention was diverted away from haptic input by a concurrent cognitive task (Exp I). This
provided strong evidence that the observed corticomotor facilitation was likely central in origin
and related to haptic attention. Neuroimaging has shown activation of the parieto-frontal network
likely subserves this aspect of haptic perception. Further, this haptic-specific corticomotor
facilitation was finely modulated depending on whether participants focused attention on
identifying material (texture) as opposed to geometric properties of scanned surfaces (Exp II).
With regards to aging effects, haptic-related corticomotor facilitation was associated with higher
recognition accuracy in seniors (Exp III). In line with this, seniors exhibited similar levels of
haptic-related corticomotor facilitation to young adults when task demands were adjusted for age
(Exp IV). Interestingly, both young and senior adults also showed substantial corticomotor
facilitation in the ‘resting’ hand when the ipsilateral hand was engaged in haptic sensing (Exp
IV). Simply touching the stimulus without being required to identify its properties (no attentional
iii

task demands) produced no extra corticomotor facilitation in either hand or age group, attesting
again to the specificity of the effects with regards to haptic attention. In Experiments V-VI, the
ability to recognise 2-D letters by touch was investigated using kinematic and psychophysical
measures. In Experiment V, we characterized how age affected contact forces deployed at the
fingertip. This investigation showed that older adults exhibited lower normal force and increased
letter-to-letter variability in normal force when compared to young adults. This difference in
contact force likely contributed to longer contact times and lower recognition accuracy in older
adults, suggesting a central contribution to age-related declines in haptic perception. Consistent
with this interpretation, Experiment VI showed that haptic letter recognition in older adults was
characterized not only by lower recognition accuracy but also by substantial increases in
response times and specific patterns of confusion between letters. All in all, these investigations
highlight the critical interaction of central factors such as attentional demand with aging effects
on motor and perceptual aspects of haptic sensing. Of particular significance is the clear
demonstration that corticomotor excitability is greatly enhanced when a haptic sensing
component (i.e., attending to specific haptic features) is added to simple finger movements
performed at minimal voluntary effort levels (typically <15 % of the maximal effort). These
observations underline the therapeutic potential of active sensory training strategies based on
haptic sensing tasks for the re-education of motor and perceptual deficits in hand function (e.g.,
subsequent to a stroke). The importance of adjusting attentional demands and stimuli is
highlighted, particularly with regards to special considerations in the aging population.
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CHAPTER I. INTRODUCTION AND LITERATURE REVIEW
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Introduction
The human hand is capable of exceptional manual dexterity. This is exemplified by the
precisely controlled and highly skilled finger movements used to sense by touch. Indeed, the
fingertip can be seen as the equivalent to the fovea for vison, due to its high density of sensory
receptors. The activation of sensory afferent nerves in the skin, muscles, joints and tendons
transmits a rich array of sensory information to the to somatosensory areas of the brain. Fine
descending corticospinal motor control at the fingertip optimizes the extraction of this sensory
information upon contact with a surface or an object. Research investigations on these
mechanisms are required to design better interventions to re-educate hand function (e.g., after
stroke).
Haptic sensing refers to this ability of human observers to actively seek sensory information
through specific manipulative actions. Haptic sensing is cognitively demanding and attentiondependent, in addition to relying heavily on interconnections between parietal and frontal motor
areas [3-5]. Thus, there is a need to consider the effects of task demands on both the sensory and
motor systems when investigating aging effects on haptic sensing. However, there is still a dearth
of literature examining the effects of task demands and normal aging on motor control and
perception during haptic sensing. In the following sections, the anatomy and physiology of the
corticospinal system controlling manual dexterity and its neurophysiological assessment using
transcranial magnetic stimulation (TMS) will be described. Relevant literature examining the
effects of behavioural context and aging on corticospinal excitability will then be briefly
reviewed. Next, the anatomy and physiology of the somatosensory system and some common
behavioural assessments of its function will be described, with a focus on the processing of
haptic information acquired at the fingertip. Finally, a brief literature review of aging effects on
2

haptic perception will be presented, and possible interactions between laterality or gender effects
and aging will be considered.

1.0

Corticospinal Tract: Control of Manual Dexterity

1.1

Anatomy and physiology
The control of manipulative hand actions involved in haptic perception relies on the

corticospinal tract [6]. Forty percent of the descending corticospinal tract axons originate in layer
5 of the primary motor cortex (M1) [6, 7]. As shown in Figure 1, the activity of these pyramidal
cells is modulated by inputs from sensory and associative cortical areas [2, 6, 8-11].

Figure 1: Layer 5 pyramidal cells in M1 are modulated by cortico-cortical inputs from many
sensory and motor association areas. Figure used with permission from Dr Alan H. D. Watson [2].
3

These cortical inputs to M1 layer 3 are especially important in higher primates, as indicated
by the relatively large size of layer 3 in humans relative to other animals [12]. It is important to
note that about two thirds of corticospinal axonal fibers also come directly from other neocortical
somatosensory and voluntary motor areas, such as S1, the premotor cortex and the
supplementary motor area [6, 8, 13]. These sensorimotor corticospinal projections descend in the
anterior portion of the posterior limb of the internal capsule to the lower ventral medulla, where
they form the pyramidal decussation. They then descend in the dorsolateral funiculus of spinal
cord white matter onto spinal interneurons and motorneurons in the ventral horn [14].
Although in humans the vast majority of corticospinal projections innervate spinal
interneurons, a significant percentage do directly contact spinal motor neurons and provide a
strong synaptic drive for their control [8, 14]. The corticospinal pathway thus contributes
substantially to controlling skilled and precise manual dexterity, with cortical inputs playing an
important role in the production of fine finger movements in particular [6, 8, 13]. The hands are
thus ideally suited for object manipulation and detailed haptic exploration, allowing precise
control over extraction of surface features at the fingertip by the employment of specific finger
exploratory patterns [3, 15, 16]. Note that the fingers, tongue, and lips are represented over
disproportionally large regions of M1. The excitability of the corticospinal cells in M1 is the net
result of facilitatory and inhibitory sensory and motor cortical inputs. These vary depending on
the behavioural context. The study of these variations has become accessible in human subjects
with the advent of non-invasive, safe and virtually painless brain stimulation [17-20].

4

1.2

Neurophysiological assessment
As shown in Figure 2, the physical basis of TMS consists of passing a brief strong electrical

current through a coil, which will induce a strong time-varying magnetic field (1-2 Tesla lasting
100-200µs) below it [18, 21]. The induced magnetic field in turn induces an electrical current
that directly depolarizes axons in layers 2-3 of the cerebral cortex [17, 22].

Figure 2: Transcranial magnetic stimulation
(TMS) generates an electric field within the
brain. A very strong transient current is run
through the TMS coil, inducing a time-varying
magnetic field focused under the coil. This
magnetic field in un-attenuated by the scalp and
skull and painlessly passes through these
structures, inducing electrical currents within
the brain. Figure used with permission from Dr
M. Hallett [1]

The induced electrical current within the brain generated by TMS penetrates at an effective
field strength to a maximal depth of ~2 cm [21, 23]. Magnetic field and induced current strength
decrease exponentially with distance from the coil. Stimulation is optimally effective when the
coil position is tangential to the scalp, maximizing induced current density in the cortex [24].
The focality of TMS depends on the shape of the coil. The center of the figure-of-eight coil is an
area where the current’s intensity is maximised, approximately double that of other points along
the figure-of-eight coil [20, 25]. A single TMS pulse from a figure-of-eight coil can cause
localized depolarization of neurons ~2-3 cm2 around this point of intersection [21, 23].
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A single TMS pulse may be delivered over a specific muscle representation in M1 [17-19,
26]. As shown in Figure 3A, orienting a figure-of-eight coil so that the induced current is
running in a posterior-to-anterior (antero-lateral-postero-medial) direction is optimal for
targeting hand muscles [18, 27, 28]. At low intensities such as those used in the studies
Figure 3: A) Optimal position for TMS
stimulation of the contralateral primary motor
cortex with a figure-of-eight coil to generate
motor evoked potentials (MEPs) in the first
dorsal interosseous (FDI) muscle. B) Right
hand showing the belly-tendon montage used
to record from the FDI in the present studies.
comprising this thesis, TMS directly activates axons in layers 2-3 of M1. This leads to indirect
A)

B)

trans-synaptic activation of layer 5 pyramidal tract neurons in M1. The activation of these
corticospinal cells generates descending volleys along the spinal cord in the corticospinal tract.
The corresponding electrical fluctuations at the cervical level are termed indirect or I waves. The
number and size of I-waves depends on the excitability of layer 5 pyramidal tract neurons in M1.
Voluntary contraction increases the size and number of I-wave volleys [e.g., 29]. These
descending I wave volleys then depolarize the motoneurons at the spinal level, leading to an
evoked response in the target muscle that may result in a visible muscle twitch [18, 30, 31].
Commonly the FDI, a hand muscle which controls index finger adduction, is recorded. Surface
electrodes placed on the hand can capture its electromyographic (EMG) activity. The bellytendon montage used in the present studies shown in Figure 3B.
These EMG responses evoked by TMS over M1 are known as motor evoked potentials
(MEPs), shown in Figure 4. As described in several recent reviews, the size of the MEP can be
used as an index of corticospinal excitability [1, 17-19, 25, 26, 29, 31-35]. Briefly, a TMS pulse
6

is applied to the hotspot (e.g., for the FDI) at a constant intensity (e.g., 110% MT), resulting in a
larger MEP when corticospinal excitability is high and a smaller MEP when corticospinal
excitability is low. It is important to note that the size of the MEP can be influenced by many
physical factors such as the orientation of axons with respect to coil, and the distance of neuronal
elements from the coil. However, when these factors are constant (e.g., stimulating the same
individual participant and holding the coil in the same position), the size of the MEP may reflect
the balance of excitatory and inhibitory neurotransmitters which influence membrane excitability
of spinal interneurons, motor neurons, and corticospinal cells in M1. The excitability of
corticospinal cells in M1, in particular, is in turn affected by modulatory inputs from sensory,
premotor and associative cortical areas.
MEP amplitude is the peak-to-peak distance in microvolts. MEP latency also reflects
corticospinal excitability. It is the time in milliseconds between TMS application (the stimulus
artefact) and MEP onset. Greater MEP amplitudes and shorter MEP latencies indicate increased
corticospinal excitability.

Stimulus
Artefact

10 ms

MEP
Latency

500 µV

MEP
Amplitude

Figure 4: Characteristic shape of a typical MEP
recorded in the FDI. Depolarization is followed by
hyper-polarization and repolarization. Phases reflect
the detection of polarity changes in muscle membrane
conduction under the two electrodes.

One factor increasing the size of MEP amplitudes is active muscle contraction. Indeed, even
slight contractions of the small hand muscles facilitate corticospinal excitability. TMS delivered
before and after muscle contractions showed that corticospinal excitability started to increase
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about 100 ms before EMG onset and remained elevated for about 160 ms after EMG offset but
was depressed from about 500 to 1,000 ms after the offset of EMG [36].
While corticospinal cells in M1 are usually activated transynaptically by TMS, they are
activated directly by another brain stimulation technique, transcranial electrical stimulation
(TES). This difference between the mechanism of action of these two techniques allows an
inference regarding how much of the change in MEP amplitude during muscle contraction relies
on differences in excitability at the cortical vs. the spinal level. With TES, the layer 5
corticospinal neurons in M1 are activated directly by the stimulus and there is no difference
between rest and active muscle contraction at the level of recorded corticospinal volleys at the
medullary pyramids. However, TES induced MEPs at the muscle belly are larger during active
muscle contraction vs. rest and MEP latency is also shorter. In the case of TES, these changes in
MEP amplitude and latency with active contraction can be explained by changes in the
excitability of the spinal motor neuron pool. During active contraction, this pool is close to firing
threshold and there is the greatest opportunity for the earliest descending corticospinal volley to
cause a discharge. With a given stimulus intensity and contraction of 10–20% maximum
voluntary contraction (MVC), latency variation is much less than amplitude variation. Critically,
the difference in MEP amplitudes evoked by TMS at rest and during even slight active
contraction are greater than those seen with TES because they reflect the contribution of the I
waves and the enhancement in cortical as well as spinal excitability.
The cortical silent period (SP) is another index of corticospinal excitability (shown in Figure
4 below). The SP is the period of EMG suppression that occurs after an MEP is evoked during
muscle contraction. Inhibition in the initial portion of the SP (~50 ms) is due in part to spinal
8

cord refractoriness. However, for the most part the SP reflects the activation of inhibitory cortical
interneurons and seems to be mediated by GABAB receptors. Pharmacological studies using
benzodiazepines provided evidence that the SP reflects a long-lasting cortical inhibition
mediated by GABAB receptors. Dopaminergic drugs lengthened the SP in normal subjects and
the SP was found to be abnormal in Parkinson’s disease as well as stroke and dystonia patients.
SP duration has also been shown to be modulated by physiological phenomena that change
cortical excitability, such as hyperventilation, sleep deprivation and muscle fatigue, or after highfrequency rTMS.

Figure 5: MEP produced
in the FDI hand muscle
during active contraction.
It is followed by a silent
period (SP) characterized
by the absence of
electrical activity. The SP
is measured from MEP
onset to the return of
EMG activity.

The motor threshold (MT) refers to the lowest TMS intensity capable of eliciting reliable
MEPs. This threshold for producing an MEP reﬂects the excitability of a central core of neurons
in the muscle representation in the motor cortex. The minimum size of MEP required to be
produced at threshold is 50 µV in amplitude in muscles at rest or 200 µV in active muscles, and
this must be observed in at least five out of 10 trials. The method of limits is a rapid and
reproducible means of determining the MT [37]. This method calculates MT as the median
9

number between the lower and upper thresholds. The lower threshold is the highest stimulus
intensity at which no responses are evoked to ten stimulations in a row. The upper threshold is
the lowest stimulus intensity at which a response is evoked after 10 consecutive stimulations.
The MT is lower for the activation of intrinsic hand muscles compared with proximal arm, lower
limb, and truncal muscles, likely reflecting the presence of stronger corticospinal projections to
the hand muscles. At the cellular level, MT likely reflects neuronal membrane excitability. It is
decreased by non-NMDA glutamatergic agents and inﬂuenced by drugs that affect sodium and
calcium channels, but not drugs that alter γ-aminobutyric acid (GABA) or N-methyl-D-aspartic
acid (NMDA) glutamate transmission.
TMS intensity may be adjusted so that an MEP is evoked in a given muscle by stimulation of
a certain brain region but not by stimulation of the surrounding regions. Thus TMS may focally
stimulate the somatotopic region of M1 which sends corticospinal projections to a target muscle.
This process is commonly termed finding the hot spot in TMS literature. Given that M1 is
organized somatotopically, with the legs represented most medially, the arms and hands more
laterally, and the oral cavity and face even more so, moving the coil over the surface of the scalp
and recording MEPs from different muscles is also a means of mapping the motor cortex.
By applying TMS to M1 and observing changes in indices of corticospinal excitability such
as MEP amplitude, latency and SP durations, researchers have been able to gain new insights
into the neural mechanisms that influence corticospinal excitability, such as drugs, disease,
aging, and task-dependent effects [31]. In all TMS experiments described in this thesis, single
pulse stimulations were used to probe changes in corticospinal excitability related to haptic
attention, task demands and age, using the FDI as the target muscle.
10

1.3

Behavioural context
As mentioned earlier, corticospinal drive to the intrinsic hand muscles can be modulated

depending on the behavioural context, i.e., task conditions. When TMS is applied in the active
state, MEP’s are facilitated (i.e., increased size and reduced onset latency) in the target
contracting muscles. This facilitation is particularly prominent in intrinsic hand muscles, where
even slight voluntary muscle contraction can lead to a substantial increase in MEP amplitude and
reductions in onset latency [38]. At these very low-level contractions, MEP facilitation is thought
to reflect mainly an increase in excitability at the cortical level (i.e., increase in the size and
number of I-waves) with further contribution of spinal mechanisms as the level of contraction
increases above 30% of the maximum voluntary contraction [19, 30].
Research on task-dependent modulation of corticospinal drive to the hand has generally
focused on changes in motor cortical output during precision grip tasks. Single-unit and
population recordings in the monkey have shown that the excitability of specific motor cortical
cells and populations of pyramidal neurons varies in a task-dependent manner [39, 40]. These
task-dependent variations in corticomotor excitability have been confirmed in human TMS
research showing MEP amplitude changes as a function of the task being performed, even when
the strength of voluntary muscle contraction demanded by the two tasks is equivalent [41, 42].
Previous work aimed at discovering the impact of afferent input on corticospinal excitability
[see 19, 43] used electrical stimulation of the afferent nerves and described two periods of
facilitation interrupted by a period of inhibition following a single electrical input. Whole-hand
afferent electrical stimulation elicited lasting changes in motor cortical excitability including
decreased motor threshold and reduced intra-cortical inhibition [44]. In another key experiment
11

investigating changes in corticospinal excitability during somatosensory discrimination,
Rosenkranz & Rothwell [45] investigated how attention could change the ability of vibratory
inputs to condition corticospinal excitability to subsequent vibratory stimulation. This work
suggests that changes (lasting ~30min) in corticospinal drive brought on by vibratory stimulation
can be prevented if the stimulus is being attended. Corticospinal excitability during imagery of
squeezing a foam ball was enhanced by somatosensory input generated by passively holding the
ball, only when the holding hand and the imagined hand were on the same side [46].
Hess et al. [47] used TMS to compare corticospinal drive to the intrinsic hand muscles during
active haptic exploration with the fingers and voluntary muscle contractions requiring up to 20%
of the maximum force an individual could produce. They found that the period of EMG silence
following the MEP was longer during haptic exploration than during voluntary muscle
contractions, though no changes in MEP amplitude were detected. However, these results could
be attributed to differences between isometric and dynamic contractions, hand and arm position,
the phase of muscle contraction (concentric or eccentric) and finger position, or the level of
prestimulus EMG at the time of pulse delivery. Oliver and Tremblay [48] compared corticospinal
excitability during a haptic letter-recognition task and a control task requiring similar finger
exploratory movements, finding MEP facilitation during the haptic exploration task. Further
work is needed in which finger position is constant at the time of TMS pulse delivery. Finally, it
is would be interesting to investigate if these findings would extend to various different haptic
sensing behaviours, ipsilateral activity in the resting hand, and aging.
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1.4

Aging effects
Aging is associated with a greater than two-fold decrease in excitability of the corticospinal

system, and with decreased task-specific facilitation of corticospinal excitability [49-54].
Significant increases in motor threshold, decreases in MEP amplitude, and shortening of the SP
have also been reported with healthy aging [49-51, 55-57]. These observations are likely related
to anatomical findings showing that the level of organization of spinal white matter in the lateral
corticospinal tract decreases with aging in a manner that correlates with decreases in grip force
control, and that the cortical sensorimotor areas and frontal regions in humans lose both white
matter and gray matter between the ages of 20 and 50 [58-62]. Complementary evidence from
neuroimaging of healthy young and old rhesus macaques also showed loss in the prefrontal areas
and around the superior temporal sulcus [63]. In healthy human aging, decreased blood flow to
brain association areas and reduced anterior-to-posterior coordination was observed [64, 65].
These changes in brain structure, function, and the neurophysiology of the corticospinal
system could be responsible for the decreased manual dexterity, and perhaps also cutaneous
sensation, observed in healthy aging [66-71]. Indeed, increased activation in sensory, motor and
frontal cortical regions has been reported in good performers in conjunction with decreased
central activation in poor manual dexterity [72]. Interestingly, such deficits are often improved
with practice [51, 73-75]. Indeed, fine motor skills such as typing and piano-playing are often
retained with age while other motor skills deteriorate, possibly due to strengthened cortical
networks and larger motor cortical representations for the hand that may occur when these fine
motor tasks are practiced regularly [51, 73, 76]. This idea of compensation fits with the theory of
a posterior-anterior shift in brain activity with aging (PASA) [68, 77-80].
13

Further, it has been shown that passive tactile and electrical stimulation improved the
sensorimotor aspects of hand function and functional sensorimotor connectivity in older adults
[81-83]. However, it remains to be seen whether the behavioural context in haptic sensing can be
designed to elicit such compensatory motor mechanisms to engender greater task-related
facilitation of corticospinal excitability in older adults. The first goal of this thesis is to
characterize the interaction between the effect of varying haptic stimuli and attentional demand
and aging on corticospinal excitability during haptic sensing and recognition accuracy. The
second is to investigate the interaction of age, gender and laterality effects on fingertip contact
forces, response times and patterns of confusion using raised letters as stimuli. The role of the
somatosensory system in processing haptic information acquired at the fingertip is thus described
in the following section.

2.0

Somatosensory System: Processing Haptic Information Acquired at Fingertip

2.1

Anatomy and physiology
The somatosensory system processes haptic information acquired at the fingertip,

allowing observers to identify features of surfaces and objects by touch. Acquiring haptic
information at the fingertip usually involves manual exploration, i.e., actively moving the hand
and fingertips to feel by touch [3, 84, 85]. The most critical input representing haptic surface
features is transmitted by the cutaneous mechanoreceptors and their associated afferent nerve
fibers which respond to pressure applied to the skin [3, 86-90]. The properties of these fibers
have been described in recent reviews, which form the basis for this section [3, 86, 91-97].
The large myelinated (Aβ class) afferent fibers associated with the cutaneous
mechanoreceptors are differentially sensitive to physical pressure. Type 1 afferents are located
14

superficially in the dermis, have small receptive fields, and are densely distributed at the
fingertips. The Merkel cell mechanoreceptors are associated with type 1 afferents with firing
rates that reflect slow adaptation (SA1) to a constant pressure applied to the skin. This sensitivity
makes them critically important for the spatial discrimination of pressure, raised lines and forms,
corners and curvature. Meissner corpuscle mechanoreceptors are associated with type 1 afferents
with firing rates reflecting rapid adaptation (RA1) to a constant pressure. This property makes
them sensitive to lower frequency vibrations contributing to the sensation of flutter on the skin,
in addition to allowing them to signal the direction of movement.
Type 2 afferents are located more deeply in the dermis, and have larger receptive fields and a
sparser innervation density than type 1 afferents. The Ruffini endings are slowly adapting type 2
(SA2) afferents associated with connective tissue. SA2 fibers contribute to the perception of
hand shape and finger position. Pacinian corpuscle mechanoreceptors are associated with rapidly
adapting type 2 (RA2) afferents. These RA2 afferents are sensitive to higher-frequency
vibrations, and contribute to the sensation of vibration.
These cutaneous afferents transmit their sensory inputs to the spinal cord forming ascending
projections in the ipsilateral spinal cord white matter, the dorsal columns. The dorsal columns
are somatotopically organized. At the cervical level the gracile fasciculus contains fibers from
the lower body and ascends medially, while the cuneate fasciculus ascends laterally and consists
of axons from the upper body. In the gracile and cuneate nuclei in the lower medulla the fibers
synapse on 2nd order neurons. Projections from these 2nd order neurons ascend contra-laterally
in the medial lemniscus to the ventral posterolateral nuclei of the thalamus. This pathway for
discriminative touch is the dorsal column medial-lemniscus tract.
15

Third-order neurons from the thalamus ascend in the posterior portion of the posterior limb
of the internal capsule and project in a topographically precise manner to the primary
somatosensory cortex (S1) in the postcentral gyrus. These projections terminate mainly in
cortical layer 4, one of the most prominent cell layers in S1, reflecting the importance of these
sensory inputs to processing in S1 [98-101]. In the somatosensory system the hand (along with
the lips and tongue) is one of the primary organs of use, having a high density of afferent
innervation and great sensory acuity [3, 102-104]. A large region of the primary somatosensory
cortical surface is devoted to processing inputs from the fingertips, lips and tongue [104-107].
The primary somatosensory cortex is also divided up in columnar fashion into four
somatotopic maps [108]. Area 3a has mosaics of inputs from deep afferents in the joints and
muscle spindles [109]. Somatosensory area 3b receives input from SA1, RA1, and RA2 afferents
[110, 111]. The organization of area 1 is similar to 3b except that the segregation between
receptor types is more refined [112]. Functionally, area 3b has been shown to be important in
processing of single digit input that allows for haptic discrimination, roughness discrimination
and changes in movement velocity [110, 113-115]. Area 1, in contrast, integrates input across
digits and is more sensitive to stimulus movement direction [110, 113-115]. Area 2 is important
for haptic discrimination of angles, and discrimination of 3D properties [110, 113-115].
Cutaneous afferent input is processed hierarchically starting in areas 3a and 3b, followed by
further processing in area 1 then 2, the secondary somatosensory cortex, and the parietal and
frontal multisensory and motor association areas [110, 111, 115, 116].
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2.2

Behavioural assessment
Three commonly used psychophysical tasks for testing the integrity of the peripheral sensory

innervation at the fingertip are the Rydel-Seifel Tuning Fork test for vibration detection
threshold which demonstrates integrity of the pacinian afferent system, and the grating
orientation discrimination (see APPENDIX A. TESTS FOR VIBRATION DETECTION AND
TACTILE ACUITY on page xiii for copies of these two tests) and two-point discriminations
(TPD) which rely more on the SA1afferent system [117-120]. The goal in all of these tasks is to
find stimuli near participants’ perceptual threshold. The accuracy of responses to a given task is
often measured as the percentage of correct responses on a task, and response time is usually
defined as the time taken to produce a correct response from the time of stimulus presentation. In
the context of haptic pattern recognition, the exploration strategy used by an individual to feel by
touch can be characterized using the biomechanical variable of force output. The active control
exerted by individuals over both the normal and tangential contact forces deployed at the
fingertip during scanning can be measured using a force plate.

2.3

Aging effects
Many researchers have observed an age-related decline in tactile spatial acuity at the

fingertip [121-128]. Older individuals often vary widely in their ability to perform spatial
discriminations at the fingertip [126, 128, 129], suggesting that individuals may have different
degrees of impairment at different levels, that is, peripherally and/or centrally. In some though
not all cases this decline is related to decreased peripheral innervation at the fingertip [70]. Other
age-related alterations at the central level (e.g., motor control, attention, working memory) could
also be involved[121]. Control of grip force has been robustly shown to decrease with increasing
age [66]. Older adults show more variability in force output during the maintenance of an
17

isometric contraction [130, 131]. Seniors also have difficulty completing fine precision variable
force tracking tasks accurately [132]. This may be because fine dynamic precision force control
results in increased activation of M1 even when very low forces are generated [132, 133].
Indeed, age-related changes in brain morphology affect associative areas, primary sensory and
motor areas [59, 64, 123, 134]. Scialfa [135] demonstrated a robust association between
cognitive and sensory aging, and concluded that sensory factors may impede cognition. Indeed,
haptic perception declines with aging and this is correlated with cognitive declines [121].
Complementary work showed an age-related decline in more attentionally demanding sensory
tasks even when stimuli were presented well above threshold [136-138].
There are two alternative views as to how aging affects functional asymmetries in the brain
[80, 139, 140]. The right hemi-aging hypothesis holds that processes engaging the right
hemisphere are subject to a greater decline than those engaging the left hemisphere. Hemispheric
asymmetry reduction in old adults proposes that frontal activity tends to be less lateralized as
people age. The two models have emerged largely from assessment of cognitive and memory
functions in visual or auditory-verbal tasks [80, 139, 140]. So far, very few studies have tested
these models in the haptic modality [e.g., 141]. Temporal order tactile judgments and force
matching have been shown to remain symmetrical with aging [142, 143].

2.4

Right vs. left and gender differences
Several authors have observed that spatial acuity tasks are relatively impervious to laterality

effects [144, 145]. A left hand advantage has been reported in tactile spatial acuity measured
using TPD but not tactile detection [146]. Others have found mixed results, observing a left hand
advantage in texture discrimination with one set of task demands and a right hand advantage
18

with other demands [147]. However, Borgo et al. [148] found a right hand advantage in accuracy
when participants used a semantic strategy to tactually identify letters rather than a spatial one.
Brain imaging studies during haptic pattern recognition at the fingertip have also produced
mixed results, with some authors reporting right asymmetric activation [149-151], and others
reporting selective activation on the left side [149, 151]. Sadato, Ibañez, Deiber, & Hallett [152]
noted that dorsal premotor cortex activation was bilateral in women and unilateral in men. The
greater degree of bilateral activation in women might have contributed to their improved
performance. Indeed, laterality effects on haptic performance are often related to gender.
Gender effects were not observed during haptic letter exploration and roughness
discrimination [148, 153]. Indeed, an observed female advantage in haptic grating orientation
discrimination was later explained by fingertip size rather than gender [154, 155]. In contrast,
improved haptic orientation perception was found in males [156]. The higher spatial resolution
exhibited by females might also be due to males having less compliant skin than females [157,
158]. However, central cortical factors could also play a role as suggested by Zuidhoek et al.
[156] who speculated more efficient right hemisphere processing in males. More recently,
females were found to have better tactile detection and better preserved tactile acuity with aging,
while males had better haptic object recognition performance with aging [121, 146].

Objectives and Hypotheses
The goals of this thesis are two-fold: first, to explore how varying stimuli, attentional demand
and age impact recognition accuracy and corticospinal excitability during haptic sensing.
Second, to characterize aging effects on fingertip contact forces, response times, recognition
accuracy and patterns of confusion during haptic letter recognition. Both goals are related by
19

their common focus on central cortical mechanisms affecting motor control and perception
during haptic sensing in young and older adults. The focus is on how aging interacts with
behavioural context to affect top-down cognitive influences on perception and fine control of
finger movements during haptic sensing. The major overall hypothesis of this thesis is that the
age-related decrease in haptic sensing performance could be due not only to bottom-up
peripheral changes at the fingertip such as reduced sensory and motor innervation, but also to
top-down changes at the central cortical level.

20

CHAPTER II. RESEARCH PAPERS

21

List of Published Research Papers
I.

Task-Specific Increase in Corticomotor Excitability during Tactile Discrimination…….23

II.

Differential modulation of corticospinal excitability during haptic sensing of 2-D patterns
vs. textures………………………………………………………………………………………….33

III.

Tactile-Dependant Corticomotor Facilitation is Influenced by Discrimination
Performance in Seniors…………………………………………………………………………..42

IV.

Task-related enhancement in corticomotor excitability during haptic sensing with the
contra- or ipsilateral hand in young and senior adults………………………………………51

V.

Contact Force Profiles Differ by Age During Tactile Letter Recognition with the
Fingertip……………………………………………………………………………………………63

VI.

Characterization of Human Tactile Pattern Recognition Performance at Different
Ages....................................................................................................................................67

22

Brain Res (2009)
194:163–172Purchase from www.A-PDF.com to remove the watermark
A-PDFExpNumber
Pro DEMO:
DOI 10.1007/s00221-008-1679-z

R ES EA R C H A R TI CLE

Task-speciWc increase in corticomotor excitability during tactile
discrimination
Sabah Master · François Tremblay

Received: 20 August 2008 / Accepted: 4 December 2008 / Published online: 23 December 2008
© Springer-Verlag 2008

Abstract Task-dependant changes in corticomotor excitability have been described mainly in the context of grasporiented actions, neglecting the sensory aspects of hand
function. Here, we contrasted task-dependant facilitation in
small hand muscles [i.e., Wrst dorsal interosseous (FDI) and
abductor digiti minimi (ADM)] in the context of Wnger
movements involving either discrimination or non discrimination (ND) of tactile features. Healthy young individuals
(n = 16) were trained to produce rhythmic to and fro movements at the sound of metronome ticks (0.8 Hz frequency,
5 s total duration) with either the index or the little Wnger of
the right hand. In the tactile discrimination (TD) condition,
participants were asked to attend to the location of two
diVerent 2-D tactile shapes disposed on the explored surface, whereas in the ND condition, the Wnger was moved
over a blank surface. In both conditions, a transcranial magnetic stimulation (TMS) pulse was delivered at a speciWc time
point in the course of the Wnger movement. Corticomotor
excitability was assessed by monitoring changes in the amplitude and latency of motor evoked potentials (MEPs) in the
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FDI and ADM. Changes in the duration of the silent period
were also assessed. The analysis revealed a signiWcant large
eVect of task conditions (P < 0.001) on MEP amplitude,
owing to the increase in MEP size observed during the TD,
as compared to the ND condition. No interaction between
“Task” and “Muscle” was detected, however, indicating
that MEPs in the two muscles were equally aVected by the
task conditions. No signiWcant changes were detected for
variations in MEP latency or in the SP duration. An additional control experiment performed in a subset of the
participants (n = 9) showed that MEP facilitation was substantially reduced when attention to sensations arising from
Wnger contact with the shapes was diverted away by completion of a concurrent cognitive task (counting backward
by three). These Wndings provide further insights into the
factors inXuencing task-dependant changes in corticomotor
excitability during hand actions. Our results highlight the
importance of behavioral context and attention, in particular,
in leading to further enhancement in corticomotor excitability
when the Wnger is actively engaged in TD.
Keywords Motor behavior · Tactile discrimination ·
Transcranial magnetic stimulation

Introduction
Voluntary contraction is known to lead to facilitation of
motor evoked potentials (MEP’s) elicited by transcranial
magnetic stimulation (TMS). This facilitation is particularly prominent in intrinsic hand muscles, where even minimal contraction can lead to a substantial increase in MEP
amplitude and reduction in onset latency (Mills and Kimiskidis 1996). At very low-level contractions, the facilitation
is thought to reXect mainly an increase in intracortical
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excitability with further contribution of spinal mechanisms
as the level of contraction increases above 30% of the maximum voluntary contraction (MVC) (Abbruzzese and
Trompetto 2002).Other factors, besides the level of contraction, are also known to inXuence MEP facilitation. The
nature of the task in particular has drawn much attention,
prompted by observations from recordings in monkeys
showing task-dependant variations in motor cortical discharge for diVerent types of grip (Buys et al. 1986). Consistent with these observations, MEP facilitation elicited in
small hand muscles was shown to vary depending on
whether participants performed either isolated Wnger movements or Wne precision grip, as opposed to power grip
(Datta et al. 1989; Schieppati et al. 1996; Huesler et al.
1998; Hasegaw et al. 2001). Further insights into taskdependent modulation suggested that the degree of
voluntary control required by the task was a major factor in
leading to MEP facilitation during task execution (Datta
et al. 1989; Flament et al. 1993). More recent TMS and
neuroimaging studies in humans have conWrmed that task
complexity is indeed a critical factor in modulating activity
in the corticospinal system, with more demanding tasks
leading to greater activation and higher facilitation than
less demanding tasks (Carey et al. 2006; Ni et al. 2006a;
Bonnard et al. 2007).
One caveat surrounding reports on task-dependent facilitation is that most studies focused on task paradigms
emphasizing the motor aspects of hand function (e.g., types
of handgrips), neglecting its other important role as a sensory organ. Such distinction may seem trivial at Wrst sight
but it becomes more critical when one realizes that tactile
sensing with the Wnger represents the archetypical precision
demanding task, engaging a large cortical network with
core activation in frontal motor areas (motor and premotor
cortices), somatosensory areas and associative regions of
the posterior parietal cortex and prefrontal cortex
(Bodegård et al. 2001; Miquee et al. 2008). We could only
Wnd one TMS report addressing this issue. Hess et al.
(1999) looked at variations in MEP amplitude and silent
period (SP) in intrinsic hand muscles when TMS was delivered at random intervals while participants actively
explored an object in their hand. The results showed a
selective increase in the SP duration during tactile exploration with no changes in MEP amplitude or latency. While
the absence of change in MEP’s may seem surprising, the
lack of proper control of the timing of TMS delivery during
exploration may explain this lack of eVect. In addition,
since no details about the object explored were provided,
one cannot determine the nature of the exploratory movements used. Indeed, both geometric (size, shape) and material properties (e.g., texture, temperature) are essential in
dictating strategies used when haptically exploring objects
(Lederman and Klatzky 1993).
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In the present report, we attempted to address some of
these limitations. We measured variations in corticomotor
excitability in small hand muscles in the context of two
tasks, which both involved precision movements of the
Wnger but varied in terms of the behavioral demands. One
task involved moving the Wnger in sync with a metronome, while the other task added a sensory discrimination
component. Our primary goal was to determine whether
equivalent movement conditions would lead to speciWc
enhancement in corticomotor excitability when the Wnger
is engaged in tactile discrimination (TD). A secondary
aim was to contrast excitability changes measured in the
Wrst dorsal interosseus and the abductor digiti minimi
(ADM) muscles when their corresponding Wnger (i.e.,
index Wnger and little Wnger) was engaged in the task
conditions.

Materials and 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 honorarium for his or her participation.
Participants
Sixteen healthy young adults (8 female, 8 male; mean
age § SD, 21.2 § 1.9 years) were recruited among the student population in the Ottawa area. The majority of subjects were right-handed (14/16) based on self-report. Prior
to the experimental session, all participants completed a
medical questionnaire to ensure that there were no contraindications to TMS and no antecedents of conditions likely
to aVect their performance in the tests.
EMG recording and TMS
Electromyographic (EMG) activity was recorded using
small auto-adhesive surface electrodes (10 mm diameter, Ag–AgCl) placed over the Wrst dorsal interosseous
(FDI) and ADM muscles of the right hand. EMG signals
were ampliWed (100 V/div) and Wltered (bandwidth,
10 Hz–1 kHz) with a polygraph ampliWer (RMP-6004,
Nihon-Kohden Corp.). Signals were digitized at 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.).
Transcranial magnetic stimulation was administered
with participants comfortably seated in a recording chair.

24

Exp Brain Res (2009) 194:163–172

Magnetic stimulation was delivered with a Magstim 200
(Magstim Co. Dyfed, UK) connected to a Wgure-eight coil
(70 mm loop diameter). To determine the optimal site to
evoke MEP’s in the contralateral hand muscles, participants
were Wtted with a Lycra swimming cap with a grid traced
onto it. A U-shaped neck cushion was used to restrain head
movements. 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 muscles (FDI and
ADM). This site was then marked with a red dot to ensure
consistent coil positioning. Cortical maps for intrinsic hand
muscles are large and to some extent overlapping
(Abbruzzese and Trompetto 2002), and thus we were able
to maximally activate both the FDI and the ADM simultaneously by stimulating the same hotspot. After determination of this 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. Following this procedure, the relaxed motor threshold was
determined using the method advocated by Mills and Nithi
(1997). Starting from supra-threshold intensity, the stimulator’s output was gradually decreased in 1% steps until no
MEP could be evoked for 10 consecutive stimuli. This
TMS intensity corresponded to the lower threshold value.
From this point, the intensity was gradually increased until
MEP’s of at least 50 V peak-to-peak amplitude could be
evoked by ten consecutive stimuli. This latter intensity was
recorded as the upper threshold value. The relaxed motor
threshold was deWned for each participant as the median
intensity between the upper and lower threshold values.
The TMS intensity was then Wxed at 1.1 £ threshold for the
remainder of the experiment.
Recording of EMG during maximal voluntary contraction
(MVC)
Maximal EMG values were derived from each muscle (FDI
and ADM) to provide an index with which to compare the
level of EMG produced in the context of the tactile exploration task. Testing for the MVC was always performed at the
beginning of the testing session. For the FDI, participants
were asked to pinch their right index Wnger and thumb
together as hard as they could for the duration of a tone,
which lasted 3,000 ms. The procedure was then repeated
two times to get three MVC recordings. The same procedure was applied for the ADM except that participants were
asked to push their little Wnger against the resistance provided by one of the experimenters. Maximal EMG values
were obtained by rectifying and averaging the EMG signals
produced during the last 2,000 ms epoch of the MVC for
each muscle.
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Recording of MEP’s during Wnger movements
Recordings of MEP variations during Wnger movements
were performed with participants comfortably seated in the
recording chair with the forearm resting on the armrest.
Prior to testing participants were trained to produce rhythmic Wnger to and fro movements at a speed of 0.8 Hz for 5 s
with either the index or the little Wnger of the right hand. In
training, participants were asked to pace their movement to
the sound of computer-generated metronome ticks. Two
task conditions were tested: (1) TD and (2) no discrimination (ND). In the TD condition, participants were blindfolded and then asked to discriminate between two half-circle stickers (3.2 mm radius, 16 mm apart) pasted on a
block, by moving their Wnger in sync with the ticks. As
shown in Fig. 1, the half-circles formed two diVerent 2-D
shapes depending on whether the straight edge was rotated
to face upwards (Boat) or downwards (Hat). At the end of
each trial, participants were asked to report the location
(either to their right or to their left) of one of the speciWed
shapes, i.e., the “Hat” or the “Boat”. The position of the
two shapes either to the right or the left varied from trial to
trial according to a predetermined random sequence. The
number of correct responses was recorded in each block of
trials. In the ND condition, participants simply moved their
Wnger in sync with the ticks on a blank block.
After familiarization with the procedures, formal testing
began. Corticomotor excitability was assessed separately
for each muscle under the two task conditions, TD and ND.
In both conditions, a pre-recorded digitized audio-video
sequence of the metronome ticks was used to set the timing
of TMS pulse delivery based on the time frame using custom software. For both the TD and ND tasks, TMS was set
to trigger at 3.75 s corresponding to the third tick in the
sequence, when the target muscle was contracting concentrically to move the Wnger into abduction (see Fig. 1b). Sixteen trials were performed under each task condition for
each muscle, the order of testing with the FDI or ADM
being counterbalanced across participants. Each trial consisted of 1,000 ms epochs to allow for the quantiWcation of
MEP parameters and the background EMG level associated
with the Wnger movements.
Control experiment for the eVect of attention to Wnger
sensation
To further examine the causal relationship between task
parameters and MEP facilitation, a control condition
was subsequently added to the protocol. This additional
control experiment involved a subset of nine participants (3 males, 6 females) and was performed within
6 months after the initial session. This control experiment was designed to determine the eVect of Wnger
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Fig. 1 a Experimental set-up showing the position of the Wnger (index
Wnger and little Wnger) at the time of TMS pulse delivery during performance of the tactile discrimination (TD) task along with the location
of the recording surface electrodes. b Schematic illustration of the task
paradigm used to assess MEP facilitation. In the both the TD and non
discrimination (ND) tasks, participants were trained to produce rhythmic Wnger to and fro movements in sync with the sound of a metronome at a frequency of 0.8 Hz for 5 s. In the TD condition, the Wnger

moved over a surface containing two 2-D shapes (half circle stickers
forming either a “Boat” or a “Hat”, 3.2 mm radius, 16 mm apart) and
participants were asked to report the location of one of the speciWed
shapes at the end of the trial (only index Wnger shown here). The ND
task was identical in performance to the TD task except that the Wnger
moved over a blank surface. In each trial, the TMS pulse was set to trigger at a time corresponding to the third tick (3.75 s) in the trial when
the tested Wnger was moving towards abduction

movements on MEP amplitude when attention was
diverted away from tactile sensations arising from contact with the shapes. Thus, for this diverted attention
(DA) task, the movement conditions were identical to
those used before for the TD task, but this time, participants had to perform a concurrent cognitive task (counting backward by three) in their head as they moved their
Wnger over the surface with the shapes. Before testing,
participants were explicitly told to focus on the counting
task disregarding the sensation arising from Wnger contact. To emphasize the counting task, participants were
asked to report which number they were speciWcally at
when the trial ended and each trial started from a pseudorandom number from 50 to 150. For this additional
session, testing was restricted to the index Wnger (FDI
muscle). The EMG recordings and TMS procedure (i.e.,
determination of the hotspot and motor threshold) were
carefully repeated to reproduce the stimulation conditions. In fact, the stimulation intensity (1.1 £ threshold)
used to assess excitability changes at this second session
was highly comparable to that used in the initial testing
session (37 § 7 vs. 36 § 7%; respectively, paired t-test,
t8 = 1.1, P = 0.30); attesting to the reliability of the
motor threshold estimations.

Analysis of MEP data and background EMG
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Motor evoked potential amplitude (peak-to-peak) and
latency were measured oV-line for each trial and then averaged to derive mean individual values for each task condition. MEP traces were also analysed oV-line to determine
the duration of the SP, which was calculated as the time
interval from the onset of the MEP to the Wrst sign of EMG
activity return. Finally, background EMG activity associated with each task condition was analysed to derive quantitative EMG values. For this analysis, the EMG activity
recorded in the 500 ms time window preceding the TMS
pulse, was rectiWed and then averaged to get average EMG
values in V. This average background EMG value was
then expressed as a percentage of the maximal EMG produced during the MVC (see above) to provide an index of
voluntary activation in each task condition.
Statistical methods
Motor evoked potential amplitudes were not normally distributed and so individual mean values were transformed
into natural logarithm, as suggested by Nielsen (1996). Following this transformation, MEP amplitudes were normally
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distributed (Shapiro-Wilk P > 0.05). Latency and SP measurements were normally distributed and required no transformation. Repeated measures analysis of variance
(ANOVA) was used to determine the impact of task conditions (TD, ND) and “Muscle” (FDI, ADM) on each set of
variables measured, i.e., MEP log-amplitude, MEP latency,
EMG level and SP duration. The signiWcance level was set at
P < 0.01 using the Bonferroni correction to adjust for multiple comparisons. An additional repeated measures ANOVA
was performed on the data from the subset of participants
who performed the DA task to determine the impact of task
conditions (DA, TD, ND) on MEP log-amplitude. For this
test Wilks’ lambda was used to control for the small number
of participants and the higher level of variability within the
subset. Post-hoc tests were performed using the Bonferroni
procedure to compare the tasks to each other. All tests were
performed using SPSS software version 15.0 for Windows®
(Chicago, IL, USA). Figures were prepared using GraphPad
Prism version 5.00 for Windows (GraphPad Software, San
Diego, CA, USA, http://www.graphpad.com).

Results
Task performance and background EMG: TD versus ND
In general, participants experienced no major diYculties
in performing the TD task using either Wnger, although
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accuracy for locating the “Hat” or “Boat” was better with
the index Wnger as compared to the little Wnger (mean correct 94 § 8%, mean 73 § 20%). EMG levels associated
with performance of the two tasks corresponded, on average, to »30 and 10% of the MVC, respectively, in the FDI
(mean TD 32.7%, ND 32.1%) and ADM (mean TD 12.4%,
ND 8.2%). A typical example of EMG activity recorded in
the two muscles in both task conditions is shown in Fig. 2.
It can be seen that the pattern of EMG activity as well the
level were similar in the two task conditions. The ANOVA
conWrmed that task condition had no eVect on background
EMG levels (F1,15 = 0.99, P = 0.34). However, a “Muscle”
eVect was detected owing to the diVerence in level
observed between the FDI and ADM (F1,15 = 11.8,
P = 0.004).
Task-speciWc MEP facilitation: TD versus ND
The majority of participants (12/16) exhibited greater MEP
facilitation under the TD, as compared to, the ND condition
and this, both in the FDI and ADM. However, MEP’s were
generally of higher amplitude in the FDI irrespective of
task conditions. A typical example of the diVerential eVect
of task conditions on MEP amplitude recorded in the FDI
and ADM is shown in Fig. 3a along with the corresponding
mean values computed from all the participants (Fig. 3b).
The diVerence in MEP amplitude between the TD and ND
conditions was conWrmed by the ANOVA, which revealed

Fig. 2 A typical example of
electromyographic (EMG)
activity elicited during performance of the two Wnger movement tasks (discrimination TD,
non discrimination ND). Note
the similarity between the two
tasks (TD vs ND) in terms of
EMG patterns produced. In all
participants, background EMG
levels measured in the task conditions never exceeded 35% of
the MVC. Note also that the
duration of the silent period (SP)
did not diVer noticeably between
the TD and ND task conditions
for the two muscles
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Fig. 3 a Example of task-speciWc facilitation recorded in the
FDI and ADM in a typical participant. Note the diVerence in the
amplitude of MEPs in the two
muscles between the discrimination (TD) and non discrimination
(ND) conditions. Each trace is an
average of 16 responses. b Comparison of the mean MEP logamplitude in two task conditions
(TD and ND). Each bar represents the mean of individual values computed for the FDI and
ADM under each task condition
for all participants (n = 16). Note
that the main eVect of task condition was signiWcant
(P < 0.001) for the overall variations in MEP log-amplitude

a large eVect of “Task”on MEP log-amplitude (F1,15 = 21.0,
P < 0.001). While the task eVect tended to be larger in the
ADM than in the FDI (Fig. 3b), no “Task £ Muscle” interaction was detected (F1,15 = 0.1, P = 0.76); indicating that
the two muscles were equally aVected by the task conditions. A main eVect for “Muscle” was detected, however,
owing to the diVerence between the FDI and ADM in terms
of MEP size (F1,15 = 28.5, P < 0.001). Latency measurements were unaVected by task conditions in both the FDI
(TD 19.2 § 2.2 ms, ND 19.4 § 1.3 ms) and the ADM (TD
18.5. § 2 ms, ND 19 § 2.0 ms). Accordingly, no main
eVect of “Task” or “Muscle” was detected in the ANOVA
(F1,15 < 2.5, P > 0.1). Only minor diVerences were
observed in SP durations between task conditions (FDI, TD
89 § 37 ms, ND 90 § 43 ms, ADM, TD 104 § 35 ms, ND
94 § 34 ms) and neither the eVect of “Task” or “Muscle”
was signiWcant (F1,15 < 3, P > 0.1).

and group level (Fig. 4b), attending to Wnger sensations
elicited during movements to discriminate the shapes (TD)
tended to produce the greatest level of MEP facilitation
when compared to either the ND or DA conditions. Still,
comparison between the latter two conditions showed that
simply attending to Wnger sensations during movement produced larger MEPs than when attention was diverted away
from the Wnger (DA condition). The ANOVA conWrmed
the signiWcant eVect of “Task” conditions on MEP amplitude (F2,7 = 6.44, P < 0.03). Further post-hoc comparisons
revealed that MEP amplitude for both the TD and ND conditions was signiWcantly greater than that for the DA condition (Bonferroni, P = 0.03), although the diVerence
between the two was not (i.e., TD vs. ND P > 0.5). The latter absence of diVerence reXected the increased variability
owing to the small number of participants in this subset.

Control experiment for attention to Wnger sensation

Discussion

In the subset of participants (n = 9) tested under the DA
condition, that is when their attention was diverted away
from sensations arising from the Wnger, comparisons with
the TD and ND tasks revealed major diVerences between
tasks. As shown in Fig. 4, both at the individual (Fig. 4a)

In the present report, we investigated task-dependant
changes in corticomotor excitability during individuated
Wnger movements performed with or without a sensory discrimination component. There were three main Wndings.
First, actively moving the Wnger over a surface was associated
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Fig. 4 Individual example (a)
and group data (b) obtained from
the subset of participants (n = 9)
tested in the additional control
condition. In this condition, the
Wnger movements (only index
Wnger tested) were identical to
those performed under the TD
conditions with the diVerence
that attention diverted away
(DA) from sensation arising
from Wnger contact with the
shapes by asking participants to
perform a concurrent cognitive
task (counting backward by 3).
Figure legends and abbreviations as in Fig. 3. Note the presence of extra facilitation under
the TD condition as compared to
ND and DA conditions in A. For
this small subset of participants,
the diVerence in amplitude between the TD and ND condition
was not signiWcant. (P < 0.05)

with signiWcantly larger MEP amplitude when participants
were engaged in tactile sensing as opposed to simple movement execution; leaving onset latency and SP duration
largely unchanged. Second, amplitude facilitation was present in both the FDI and the ADM when the corresponding
Wnger acted as the sensory probe. Finally, as revealed by an
additional control experiment, attending to sensations arising from the Wnger proved to be the critical factor in leading
to extra MEP facilitation in the context of these experiments. In the following discussion, we will address Wrst the
signiWcance of these results with regards to task-dependent
eVects in small hand muscles. Then, we will address the
possible origin of the extra facilitation observed under the
TD condition, especially with regard to the critical role of
attention as a modulating factor of motor cortical responsiveness.
InXuence of task conditions on MEP facilitation
As stated earlier, both recent TMS and neuroimaging
reports have emphasized the importance of task demands in
modulating motor activation during hand movements
(Carey et al. 2006; Ni et al. 2006b; Bonnard et al. 2007). In
this study, we speciWcally designed the task demands so
that the motor control component would be equivalent in
the two conditions. In fact, participants produced very similar patterns of contraction and equivalent levels of background EMG activity when tested under the two task
conditions. In this regard, it is worth noting that in small

hand muscles, MEP facilitation starts to plateau when contraction levels exceed 20% of the MVC, as shown by Wu
et al. (2002). In our task conditions, the level of background
EMG produced in the FDI and ADM corresponded to »30
and »10% of the MVC, respectively. This diVerence in
background activation (see Fig. 2) could account for the
tendency of MEP facilitation to be greater in the ADM than
in FDI. The same report by Wu et al. (2002) also showed
that higher levels of contraction (i.e., >80% MVC) were
needed to reduce latency and that variations in contraction
levels had little eVect on SP duration. This may explain
why we found no signiWcant changes in either the MEP
latency or the SP duration with our task conditions. Thus,
the relatively low level of eVort required to move the Wnger
under each task condition likely provided a common base
of facilitation upon which other inXuences could act, leading to further enhancement in excitability when the behavioral requirements of the task changed.
The present observations that MEP amplitude increased
in hand muscles under the TD condition with no changes
in SP may seem at odds with those of Hess et al. (1999),
but any comparison with this study is diYcult given the
limitations raised earlier about the lack of proper controls
over TMS delivery and task conditions. In addition, these
authors elicited MEP’s using a non-focal circular coil,
which may have also contributed to the discrepancies
between their results and ours. Although we did notice a
trend for the SP to be prolonged under the TD condition in
the ADM, it appears unlikely that changes in the SP are of
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major signiWcance in the context of tactile exploration
given the low level of voluntary drive generally involved
(Wu et al. 2002). In the same vein, the facilitation reported
here in the ADM during TD also seems at odds with the
recent results of Ni et al. (2006b). These authors compared
task-dependant facilitation during a force-matching precision task under dynamic and static conditions in the ADM
and FDI, and reported signiWcant diVerences only in the
FDI. The authors attributed this diVerence to the greater
functional role and the higher selectivity of control of the
index Wnger, as compared to, the little Wnger. In the present
study, we could not Wnd such a diVerence. In fact, MEP
facilitation tended to be even greater in the ADM than in
the FDI under the TD condition. DiVerences between the
task paradigms could explain this discrepancy since we
looked at the inXuence of dynamic contractions in the context of TD. Like Ni et al. (2006b), however, we found a
diVerence in performance between the two Wngers, participants making more errors when scanning with the little
Wnger, but this diVerence did not translate into reduced
facilitation. The lower accuracy could be related to the fact
that tactile spatial acuity is lower (»45% less) in the little
Wnger as compared to the others (Sathian and Zangaladze
1996); a diVerence that is partly attributable to the reduced
skin area at the tip. Still, the performance was well above
chance (73% correct), indicating that participants were
able to discriminate using the little Wnger. In terms of control selectivity, Hager-Ross and Schieber (2000) showed
that the little Wnger was third after the thumb and index
Wnger in the degree of individuation, but they also emphasized the large inter-subject variability; some individuals
showing high selectivity even for little Wnger movements.
In line with this observation, we did also notice some variability in the ability of our participants to perform individuated movements with the little Wnger, some Wnding it
much harder compared with the index Wnger while others
had no diYculty at all. It is thus possible that both the
lower accuracy and the trend observed for higher MEP
facilitation in the ADM reXected the greater degree of voluntary control and attention required to move and sense
with that Wnger as compared to the index Wnger. Whatever
the diVerences between the two Wngers in terms of tactile
acuity and control selectivity, our Wndings suggest that
corticospinal projections to both the ADM and FDI are
susceptible to facilitatory inXuences when their corresponding Wnger is engaged in active TD. In fact, our observations of similar levels of facilitation in the ADM and
FDI would be in line with current concepts about the divergent nature of the neural control of hand movements, individuated Wnger movements being associated with activity
distributed across multiple neurons and widespread activation in the entire motor cortex (Schieber and Santello
2004).
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Origin of MEP amplitude facilitation with TD
We have already alluded to the fact that the observed diVerence between tasks in terms of amplitude facilitation was
most likely due to the diVerence in behavioral context. In
one condition, participants had to pace their Wnger movements with the metronome, whereas in the other condition
they had, in addition, to discriminate between two tactile
shapes. Thus, while the two conditions had a similar motor
component, the TD task added an extra attentional component, which was likely a key factor in leading to further
enhancement in MEP amplitude. The importance of this
factor in leading to MEP facilitation was further conWrmed
by the addition of the control DA condition, which showed
unequivocally that attending to Wnger sensations was
indeed critical in leading to MEP facilitation. These attention-related eVects were likely exerted predominantly at the
cortical level, since attention to action appears to have little
or even a depressive eVect on spinal excitability (Honore
et al. 1983; Oishi et al. 1994). At the level of the motor cortex, attention to somatic stimuli has been shown to have
strong modulatory inXuences on cortical responsiveness to
TMS. For instance, Rosenkranz and Rothwell (2004)
reported that attending to long-lasting vibro-tactile trains
applied to small hand muscles shaped their subsequent
response to the same stimuli, such that MEP’s in the non
vibrated muscles that were normally depressed were
enhanced when subjects attended to the stimulated hand.
These eVects were accompanied by parallel changes in the
level of intra-cortical inhibition controlling the excitability
of the vibrated and non-vibrated muscles. Recently, Thomson et al. (2008) conWrmed that short-interval intra-cortical
inhibition (SICI) could be reduced up to 1,000 ms after
Wnger movements when spatial attention was directed
toward the hand being stimulated as compared to when the
attention was directed toward the non-stimulated hand.
Thus, local changes in intra-cortical excitability, driven by
attention to incoming tactile inputs generated as the Wnger
explored the surface, might have been important in leading
to enhanced MEP facilitation when participants were
engaged in TD.
For the most part, the attention eVects were likely mediated by activity in the parieto-frontal network involved in
TD. In this regard, the dorsolateral prefrontal cortex and the
premotor regions might have been particularly important
since both have been shown to be highly active when the
Wnger is engaged in Wne spatial discrimination (Stoesz et al.
2003; Harada et al. 2004) and both are densely interconnected with the motor cortex (Dum and Strick 2002). In
addition, attending to action during execution appears to
enhance eVective connectivity between the two areas
(Rowe et al. 2002). Thus, when the participants were
engaged in the attention-demanding tactile task, the
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enhanced coupling between activity of the dorsal prefrontal
cortex and premotor cortex may have provided an additional source of top down excitatory inXuences on the
motor cortex that contributed to enhance its responsiveness
to TMS. The fact that attentional processes could alter MEP
facilitation in small hand muscles through premotor-tomotor connections was conWrmed recently by Conte et al.
(2007). Similar mechanisms could account for the diVerence observed between the ND and DA conditions in the
subset of participants tested in the control experiment, since
in the ND condition participants likely attended to Wnger
movements even if they were moving over a smooth surface.
One last potential inXuence that may have contributed to
enhance motor excitability in the task conditions could
have been the nature of the peripheral feedback in itself.
While the re-aVerent signal generated as the Wnger moved
during the task was likely similar in the two conditions, the
contact with the 2-D shapes in the TD task provided an
external source of aVerent information. Recordings from
mechanoreceptive aVerents in the primate hand have shown
that slowly and rapidly adapting type I (SAI, RAI) aVerents
are particularly responsive to minute surface irregularities
and asperities, as compared to smooth surfaces (Johnson
et al. 2000; Yoshioka et al. 2001). Thus, an increased discharge of the SAI and RAI tactile aVerents can be inferred
when the Wngertip contacted the raised patterns during the
TD task. This task-speciWc increase in tactile aVerent discharge might have led to a transient increase in excitability
at the spinal or cortical level, as shown recently by Shibuya
and Ohki (2004). However, this suggestion needs to be
tempered by the observations that contact with the 2-D
shapes in the control DA condition failed to produce extra
MEP facilitation. This leads back to the notions discussed
above about the critical role of attention in modulating cortical responsiveness to incoming sensory inputs and the
importance of the behavioral context for the coupling
between sensation and action.
In conclusion, the present Wndings provide further
insights into the factors inXuencing corticomotor excitability during hand actions. Our results highlight the importance of tactile attention and behavioral context in leading
to further enhancements in corticomotor excitability when
the Wnger is actively engaged in TD. Our Wndings also
reveal a functional equivalence between the mechanisms
controlling the excitability of the corticospinal projections
destined to the ADM and FDI muscles, when it comes to
facilitation exerted in the context of tactile exploration. Further studies are needed to pinpoint the neural mechanisms
underlying the reported extra facilitation with TD, especially with regards to the role of changes in intra-cortical
inhibition.
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Abstract
Background: Recently, we showed a selective enhancement in corticospinal excitability when participants actively
discriminated raised 2-D symbols with the index finger. This extra-facilitation likely reflected activation in the
premotor and dorsal prefrontal cortices modulating motor cortical activity during attention to haptic sensing.
However, this parieto-frontal network appears to be finely modulated depending upon whether haptic sensing is
directed towards material or geometric properties. To examine this issue, we contrasted changes in corticospinal
excitability when young adults (n = 18) were engaged in either a roughness discrimination on two gratings with
different spatial periods, or a 2-D pattern discrimination of the relative offset in the alignment of a row of small
circles in the upward or downward direction.
Results: A significant effect of task conditions was detected on motor evoked potential amplitudes, reflecting the
observation that corticospinal facilitation was, on average, ~18% greater in the pattern discrimination than in the
roughness discrimination.
Conclusions: This differential modulation of corticospinal excitability during haptic sensing of 2-D patterns vs.
roughness is consistent with the existence of preferred activation of a visuo-haptic cortical dorsal stream network
including frontal motor areas during spatial vs. intensive processing of surface properties in the haptic system.

Background
Haptic sensing involves bringing the hand in contact with
objects and surfaces to determine their properties. In the
case of surfaces, the presence of repeated raised elements
characterizes textures, of which roughness is a major perceptual attribute. Recognition of 2-D patterns is another
perceptual attribute provided by surfaces. Geometric
properties such as the relative orientation of 2-D patterns
are processed differently in the somatosensory system
from material properties such as roughness and hardness.
Neurons in Brodmann’s area 1 have been shown to
respond preferentially to surface features including
roughness and texture [1,2], whereas neurons in Brodmann’s area 2 are sensitive to differences in shape primitives, such as edges and curvature [2,3]. In primates,
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removal of areas 1 and 2 impairs performance on texture
and shape discrimination tasks, repectively [2].
At the neural level, material properties are intensively
coded, meaning that they can be distinguished based
only on the amplitude of neural output at the cortical
level [1,4-11]. In contrast, behavioural evidence has
shown that geometric properties are likely spatially
coded and must be mapped to a specific location within
a particular frame of reference [12]. The haptic modality
encodes geometric surface properties relatively inefficiently compared to material properties such as roughness [12]. This inefficiency can be attributed to several
factors. Firstly, physical limitations of mechanoreceptor
number and density lead to difficulties in the integration
of limited inputs, as from a single 2-D raised element
on a planar surface [12]. Secondly, the exploratory strategy for identifying a 2-D pattern is contour following,
which entails a high working memory load [12-14].
Finally, spatial coding requires intensive coding to be
completed first so that each 2-D raised element can first

© 2010 Master and Tremblay; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
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be detected, before it is located within the frame of
reference, making it more computationally demanding
than intensive coding alone [12].
Behavioural evidence has shown clear differences in
the efficiency with which the haptic system processes
intensively and spatially coded properties, observers
showing faster responses with roughness discrimination
than for identification of the relative orientation of 2-D
raised elements, a key element involved in pattern discrimination [12]. Recent neuroimaging studies have contrasted the areas activated during texture and shape
discrimination, revealing that different brain regions are
preferentially activated during the haptic processing of
material and geometric properties [15-19]. For instance,
in participants making judgements about surface texture, more activation was seen in ventral and posterior
regions including the parietal operculum and posterior
insula along with activation in ventrally located extrastriate visual areas (e.g., lingual gyrus) [15,16]. Such activation pattern for haptic texture seems to reflect the
preferential recruitment of a ventral stream specializing
in object perception and semantic object representations
[15,16]. In contrast, shape discrimination elicited preferential activation in frontal motor regions (e.g., premotor
cortex) and in dorsal parietal areas commonly associated
with reaching and grasping behaviours (e.g., intra-parietal sulcus, IPS; superior parietal gyrus, SPG); indicating
a tendency for the recruitment of a dorsal stream for
action when geometric properties about touched objects
are processed [15-19]. Attending to geometric properties
of objects either in the tactile or visual modality also
leads to robust activation in the region of the lateral
occipital complex (LOC), an area which seems critical
for object recognition [15-19]. It is important to stress
that the reported selectivity of activation for either texture (directed ventrally) or shape (directed dorsally) is
more relative than absolute; the two forms of haptic
processing relying to a large extent on an overlapping
cortical network [15,16].
In recent investigations, we used transcranial magnetic
stimulation (TMS) to examine task-dependant modulation in corticospinal excitability when participants were
engaged in haptic sensing [20-23]. These investigations
revealed that activation of a haptic network for discrimination of 2-D raised symbols resulted in enhanced excitability of the motor cortex, compared to performance of
the same movement without the sensing component, or
when attention was distracted away from the task [21].
This attention-related modulation of corticospinal facilitation during haptic sensing suggested that the observed
effects were due to top-down mechanisms, including
activation of a haptic sensing network involving somatosensory, multisensory, and motor areas [24]. However,
this previous work investigated only modulation in the
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context of haptic sensing of the geometric properties of
a surface, i.e. discrimination of the relative orientation
of 2-D symbols. Given the reported differences in terms
of complexity of neural processing and distribution of
cortical activation between texture and shape discrimination by touch, we sought to determine in the present
report whether such differences would lead to an
increase in corticospinal excitability when participants
are engaged in task conditions involving spatial coding
(i.e. sensing the orientation of a 2-D pattern) versus
intensive coding (i.e., sensing differences in degree of
roughness) of surface features.

Results
Task performance

In general, participants exhibited very reliable discrimination performance in the two tasks, although they
tended to be better at discriminating patterns as compared to surface roughness (84.4 ± 11.4% vs. 93.9 ±
6.4%, respectively). While task conditions had a significant effect on performance levels (F 1,16 = 13.21, p =
0.002), this actually reflected only a minor difference in
terms of the number of errors (n incorrect /16 trials)
between the two tasks (i.e., pattern, nincorrect = 1.0 ± 1.0
trials, roughness, nincorrect = 2.5 ± 1.8 trials). Gender had
no effect (F1,16 = 0.72, p = 0.41) on performance levels.
In terms of muscle activation, execution of the stroking
action in the two tasks elicited a very similar pattern of
activity in the FDI msucle, characterized by a sustained
increase in activity as the index finger moved over either
the pattern or grating presented (Figure 1B and 1C). As
shown in Figure 1C, the average level of activation
elicited in the period preceding the TMS pulse corresponded to ~ 25% of the MVC in the two task conditions (mean, 23.81% vs. 22.55%, pattern and roughness,
respectively). Paired comparison revealed no difference
in the normalized level of EMG activity between the
two tasks in the 500 ms period preceding the TMS
pulse (paired t-test, t17 = -0.09, p = 0.93).
Task-specific corticospinal facilitation

The majority of the participants (11/18) exhibited larger
MEP responses in the pattern, as opposed to, the roughness discrimination task. An individual example of such
differential MEP modulation in the two task conditions
is shown in Figure 2A. The relative effect of task conditions on MEP amplitude can also be appreciated in
Figure 2B, where the individual MEP values measured
under the two tasks have been plotted against each
other. The differential effect of task conditions on MEP
amplitude was confirmed by the ANOVA (F1,16 = 5.60,
p = 0.03) owing to the larger MEP responses seen for
the pattern task (18% increase, on average). Gender had
no influence on MEP amplitude (F1,16 = 0.28, p = 0.60)
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Figure 1 Task paradigm used to assess corticospinal excitability. A. In both discrimination tasks, participants were trained to produce a
single stroking index finger movement in sync with the sound of a tone lasting for 1.8 s. In the pattern task, the finger moved over three
circular stickers placed in a row, with the last circle off-set either upwards or downwards relative to the first two (3.2 mm radius, 10 mm centreto-centre). Participants were asked to report whether the last circle was up or down. The roughness task required a judgement about the
relative roughness of two grating surfaces, whose spacing between elements differed by 25%. Participants used the same stroking action to
determine whether the surface presented was either the rougher (1 mm grating) or smoother (0.75 mm grating) of the two. In each trial, the
TMS pulse was set to trigger 1.5s after the tone, corresponding to the time point when the finger was moving towards full abduction. B.
Individual example of typical muscle activation patterns elicited in the FDI during execution of the index finger stroking action in the two tasks
(right-handed male, aged 23 years). The traces represent the mean with associated SD of the rectified electromyographic (EMG) activity
normalized as a percentage of the participant’s maximal rectified average EMG value for all 16 trials under each task condition. C. Similar
representation as in B showing the overall task-related pattern of EMG activation in all subjects (n = 18). The trace represents the mean (± SD) of
all participants’ normalized rectified average EMG activity level. Note the close similarity in the pattern of muscular activation between the two
tasks. The amplitude of MEP’s is truncated in both B and C because the scale has been adjusted to show the level of background EMG activity.
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(r = 0.33, p = 0.18) between task-related MEP facilitation and performance.

Figure 2 MEP amplitudes during 2-D pattern vs. roughness
discrimination. A. Examples of task-related differential modulation
in MEP amplitude under the two task conditions (left-handed male,
aged 26 years, 50% MEP facilitation pattern/roughness). Each trace is
an average of 16 responses. B. Scatter plot showing the relative
distribution of MEP amplitudes in the two tasks for all participants.
Note the tendency for MEP responses to be larger in the pattern
discrimination task. C. Comparison of mean MEP amplitudes in the
two task conditions (pattern and roughness discrimination). Each
bar represents the mean of individual values computed under each
task condition for all participants (n = 18). Note that the main effect
of task condition was significant for the overall variations in MEP
amplitude (p < 0.05). D. Scatter plot showing the distribution of
individual MEP amplitude task ratios (% MEPpattern/MEProughnes)
against corresponding performance task ratios. Note that the two
variables are not significantly related to one another.

and showed no interactions with task conditions (F1,16 =
0.13, p = 0.73). Variations in MEP latency (19.3 ± 1.8 vs.
19.1 ± 1.6 ms, pattern and roughness, respectively) and
in the silent period (SP) duration (99 ± 37 vs. 94 ± 38
ms, pattern and roughness, respectively) were not influenced by task conditions (latency, F1,16 = 0.44, p = 0.51;
silent period, F1,16 = 2.10, p = 0.17).
Influence of task performance

The observation that participants tended to perform
better at discriminating relative orientation, as compared
to roughness, prompted a secondary analysis to determine if this increased performance was associated with
the greater MEP facilitation during pattern discrimination. For this analysis, task ratios for MEP amplitude
and performance (ncorrect/16) were computed as a percent of pattern over roughness (e.g., % MEP pattern /
MEProughness) for each participant, so that 100% would
correspond to equivalence between the two tasks. We
then used Pearson’s r moment correlation to test for the
presence of an association between MEP amplitude and
performance task ratios. As shown in Figure 2D, this
analysis failed to detect any significant association

Discussion
In the present study, we examined task dependant corticomotor facilitation while participants were engaged in
two different types of surface discrimination using active
index finger movements, i.e. detection of 2-D spatial
orientation and roughness discrimination. Our results
reveal that for most participants pattern discrimination
increases task-related MEP facilitation in the FDI, relative to roughness discrimination. In the following discussion, we will address the possible factors that may
have contributed to this observed differential modulation of tactile-related motor facilitation by first considering task demands and bottom-up activity from
peripheral afferents, and then top-down effects at the
level of central processing.
Task demands

As in our previous study showing tactile-related MEP
facilitation, the movement conditions and level of background EMG were highly consistent between tasks,
reflecting the fact that participants were able to reproduce the movement pattern at the prescribed speed
from trial to trial. Thus the observed differences in
motor cortical excitability could not have been due to
the use of different motor exploration strategies during
pattern and roughness discrimination. Given that participants used identical controlled timed lateral scanning
movements for both tasks, differences in proprioceptive
and kinematic factors could not have accounted for the
observed enhancement in motor facilitation during the
pattern discrimination, relative to the roughness discrimination [9,10]. The two tasks were also relatively easy
to perform (accuracy > 80%), although participants did
perform better on the pattern discrimination than on
the roughness discrimination. However, as stressed earlier, this difference in performance represented only a
minor difference in number of errors, given the limited
number of trials tested in each task (n = 16). In this
regard, this difference in performance can be considered
as trivial. In line with this, secondary analysis failed to
reveal any association between performance and MEP
facilitation (Figure 2D).
Contribution of bottom-up activity from peripheral
afferents

The major difference between the two task conditions in
terms of afferent input was the nature of the cutaneous
feedback. The Merkel discs and associated slowly adapting type I (SAI) afferent system would have been most
important in providing the coding information for the
type of roughness discrimination used in the present
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study (spacing between raised elements > 0.2 mm),
although the rapidly adapting type I (RAI) afferent system may also have contributed [11,25,26]. At the level
of S1, inputs from SAI afferents are processed by cortical neurons that fire at higher rates for coarser textures,
and the output of these neurons is thought to give rise
to the percept of roughness [8,11,12,25,27]. Indeed,
roughness has been shown to be coded intensively at
the cortical level by neurons recorded in macaque
monkey areas S1 and the secondary somatosensory cortex (S2), with a majority of these graded-response cells
showing increased firing in response to rougher textured
surfaces with larger groove widths [1,4-11]. Further, this
activity has been shown to be minimally influenced by
the difficulty of the texture discrimination (the percent
difference in the spacing of raised elements), with such
effects being minor relative to the observed changes
in somatosensory cortical firing rate correlated with
roughness [9,10].
Psychophysical data on response times and accuracy
also suggest that roughness is coded intensively in the
somatosensory cortex, while geometric properties such
as relative orientation and position are likely resolved by
comparing spatially distributed deformation patterns
[12]. This has been shown to be a less efficient process
due to the nesting of intensive coding within this computation, and the requirement for a spatial reference
frame [12]. However, due to the intensive nature of the
roughness code, both textures would likely have elicited
more neural activity in S1 and S2, roughness-selective
cells firing at higher frequencies relative to the spatially
selective firing pattern indicative of the spatial location
of a stimulus during pattern discrimination. For the pattern discrimination used in the present study, there
would also have been less activity at the level of inputs
from SAI afferents, since these afferents would have
responded only to the edges in the pattern, which contained far fewer edges than the regularly ridged textures.
The roughness discrimination, on the other hand, would
have elicited much SA1 afferent activity given the spacing between the raised elements of the gratings used in
the present study. RAI and PC afferent activity would
also have been much lower during the pattern discrimination, due to the very low frequency of vibrations generated at the fingertip in response to the 2-D contours
relative to those generated by the movement of the fingertip across the two textures [11,26-28]. The roughness
discrimination thus also likely resulted in more peripheral afferent tactile activity than the geometric pattern
discrimination. Whereas the relative roughness of a texture could in theory be extracted centrally as early as
area 3b in S1, shape discrimination would likely require
further processing in area 1 where speed of finger movement could be integrated with spatially distinct firing
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patterns to gain an overall representation of the pattern
being scanned [29]. However, further processing in S2
or area 2 would likely not have been necessary for the
simple 2-D pattern discrimination used in the present
study [29]. The roughness discrimination would therefore have resulted in more somatosensory cortical activity overall, although this processing would have been
simpler and more efficient than that required for the
pattern discrimination.
It is possible that the intensity and diversity of peripheral afferent inputs, and the resulting activity in S1 and
S2, could have determined motor cortical excitability
during active tactile discrimination. The dense anatomical and functional connectivity between these regions
and the primary motor cortex (M1) provides support for
the presence of such bottom-up effects [30,31], and leads
to the prediction of increased motor facilitation during
the exploration of the densely packed raised elements
composing the two textures as compared to during
exploration of the relatively sparse elements (three circles) composing the two patterns. Indeed, task-specific
increases in cutaneous afferent discharge have been
shown to transiently increase both spinal and motor cortical excitability [32]. However, in the present study, only
a small minority of individuals (3/18) showed evidence of
greater MEP facilitation during active stroking of textured surfaces as compared to patterns. Therefore, simple
bottom-up mechanisms associated with the degree and
quality of tactile afferent feedback reaching M1 cannot
account for the observed enhancement in task-related
motor facilitation during the pattern discrimination.
Contribution of top-down central factors

The present findings seem compatible with a top-down
central origin for the observed difference in motor facilitation. This explanation is in line with our previous
findings on the importance of attention to discrimination for tactile-related MEP facilitation. In this regard,
the possibility that lower attention levels could have
contributed to the decreased MEP facilitation associated
with the roughness task seems highly unlikely for the
reasons given above concerning the trivial nature of the
observed differences in performance between tasks and
the absence of any relationship between performance
and MEP amplitude. Instead of difference in attention
level, the explanation may lie with neuroimaging observations of a relative increase in the activation of a dorsal
processing stream for action during the haptic processing of geometric properties such as 2-D patterns, as
compared to during processing of material properties
such as textures [15,21,25,33]. However, it is important
to note that both of these types of stimuli would activate
both somatosensory processing streams, but to varying
degrees [15]. For example, texture is also important for
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determining how tightly to grasp an object, providing
information regarding the amount of friction between
the skin and the surface [11]. Nevertheless, texture may
be less important in providing information related to
grasping and manipulating objects compared to object
shape or 2-D patterns, which provide inputs that help to
determine how the fingers and hand are shaped [15].
Neuroimaging evidence also indicates that primary
visual and dorsal extra-striate multisensory areas, such
as the LOC, are also selectively activated during haptic
shape recognition and imagery, compared to texture discrimination and imagery [15-19]. Haptic texture discrimination and imagery, on the other hand, preferentially
activate the ventrally located medial occipital complex
(MOC) and the inferior extra-striate regions [16,19].
These activations reflected both bottom-up somatosensory inputs and top-down modulation from the posterior parietal cortex [15,24]. Furthermore, during haptic
shape discrimination in particular, a selective network
was revealed involving bottom-up inputs from the S1 to
the IPS and LOC, and top-down modulation from these
regions to S1 [34]. Comparing shape to texture processing in the visual modality also revealed similar patterns
of differential brain activation during these two types
tasks [35]. Indeed, recent evidence suggests that both
visual and haptic peripheral inputs lead to the activation
of the same central networks for texture and shape processing [36,37]. Thus, segregation between the processing of texture and shape in the haptic and visual
modalities may reflect common ventral and dorsal
visuo-haptic networks specializing in the processing of
texture and shape, respectively [15].
On the other hand, it has also been argued that spatial
properties and shape are not processed by the dorsal
parietal areas thought to make up the somatosensory
dorsal stream for action (where/how) at all, and that evidence for shape processing in parts of the IPS may indicate that some parts of this region may contribute to
the ventral, and others to the dorsal, somatosensory processing streams [29]. However, it is important to note
that this explanation is based on studies using familiar
shapes and objects that would likely preferentially activate ventral areas given their emotional significance and
ability to trigger past memories. In the present study,
we were interested only in motor cortical excitability
during haptic identification of simple 2-D patterns, without much contribution of these other emotional and
long-term memory factors. Although shape and texture
could both be used as inputs to both dorsal and ventral
stream networks [38], the present findings indicate that
pattern discrimination may increase activation of motor
areas to a greater degree relative to roughness discrimination. However, it is important to note that the haptic
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system is generally more tuned to 3D object perception
than to 2-D pattern discrimination, such that the ability
to recognize real objects is much better than recognition
of raised line drawings [13,39,40]. This can be explained
in part by the fact that a broader range of exploratory
procedures is available for 3D objects, which changes
the quality and quantity of information obtainable during 3D haptic sensing. Thus a stronger dorsal involvement may be expected when observers discriminate 3D
objects as compared to simple 2D lined patterns, and
this comparison would be an interesting avenue for
future study.
These findings might also be interpreted in the context
of the requirement for increased mental resources for the
pattern discrimination due to the less efficient nature of
spatial processing in the cortex, relative to the intensive
processing presumably used during the roughness discrimination [12,41]. It is possible that the type of spatial haptic processing required by the pattern discrimination
could have primed the motor cortex for action more than
the intensive type of processing likely used for the roughness discrimination [15]. Both the relative functional
importance of the type of afferent input (for example for
motor activities such as shaping the fingers for grasping)
and the complexity associated with processing the stimuli
at the cortical level likely contributed to the observed corticomotor facilitation during pattern discrimination.

Conclusions
This work builds on our previous findings of enhanced
motor cortical excitability during active tactile discrimination of 2-D symbols versus finger movements alone
[21], highlighting the importance of the specific haptic
sensing demands with regards to the type of stimuli
(pattern discrimination vs. roughness discrimination) for
corticomotor facilitation. Together with this previous
work, the present findings may help in developing functionally relevant tactile discrimination tasks for the reeducation of hand function, tasks which would recruit
frontal, parietal and occipital multisensory brain regions
preferentially to facilitate finger movements. Indeed, the
evidence presented here merits further investigation, in
particular with regards to how task difficulty could
interact with these task-type effects on M1 [15].
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 an honorarium for his or her
participation.
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Participants

EMG recording and TMS

Twenty healthy young adults (10 males, 10 females,
mean age ± SD, 22 ± 2.3 years) from the Ottawa area
were included in the study. The majority of subjects
were right-handed (16/20) according to the Edinburgh
Handedness Questionnaire. Prior to the experimental
session, all participants completed a medical questionnaire to ensure that there were no contra-indications to
TMS and no antecedents of conditions likely to affect
their performance in the tests. In addition, all participants were screened for the presence of undiagnosed
peripheral neuropathies using a graduated Rydel-Seiffer
tuning fork, which has been shown to be a valid and
reliable instrument for assessing sensory nerve function
in the extremities [42,43].

The recording techniques and TMS procedure have
been reported previously (see [21]). Briefly, EMG activity
was recorded using small auto-adhesive surface electrodes (10 mm diameter, Ag-AgCl) placed over the FDI of
the right hand. EMG signals were amplified (100-500
μV/div), filtered (bandwidth, 16 Hz to 1 kHz), and digitized at 1 kHz (RMP-6004, Nihon-Kohden Corp.; BNC2090, National Instrument Corp.). Magnetic stimulation
was delivered with a Magstim 200 (Magstim Co. Dyfed,
UK) connected to a figure-eight coil (70 mm loop diameter). To determine the optimal site to evoke MEPs in
the contralateral hand muscles, the approximate location
of the hand motor area on the left hemisphere was
explored in 1 cm steps until reliable MEPs could be
evoked in the target muscle (FDI). Following this procedure, the relaxed motor threshold was determined using
the method advocated by Mills and Nithi [44]. Starting
from supra-threshold intensity, the stimulator’s output
was gradually decreased in 1% steps until no MEP could
be evoked for 10 consecutive stimuli. This TMS intensity corresponded to the lower threshold value.
From this point, the intensity was gradually increased
until MEP’s of at least 50 μV peak-to-peak amplitude
could be evoked by ten consecutive stimuli. This latter
intensity was recorded as the upper threshold value.
The relaxed motor threshold was defined for each participant as the median intensity between the upper and
lower threshold values. The TMS intensity was then
fixed at 1.1 X threshold for the remainder of the
experiment.

Training in tactile discrimination tasks

Participants were trained to perform two tactile discrimination tasks involving active movement of the right
index finger over a surface. The training first focused on
the production of consistent stroking actions with the
index finger from right to left in sync with a tone lasting
1.8 s. Then participants were trained in the two discrimination tasks, which consisted of two-alternatives
forced choice tasks. As illustrated in Figure 1, in one
condition, the task consisted of discriminating between
two patterns formed by three circular stickers (3.2 mm
radius, 10 mm centre-to-centre) disposed on a small
wooden block (13 cm × 8.5 cm). Participants were
required to actively stroke the pattern in sync with the
tone and to report the orientation of the last circle as
being either in the upward or downward direction relative to the two other preceding circles. In the second
task, participants performed a similar stroking action
with the index finger but this time the task consisted of
making a judgement about the relative roughness of
gratings. Specifically, participants were required to discriminate between two fine grating surfaces (2 cm X 9
cm), each pasted on a wooden block. One grating was
perceived as rougher than the other one, owing to a
25% increase in spatial period (1 mm vs. 0.75 mm, 0.2
mm constant ridge width). As for the pattern task, participants actively stroked the grating in sync with the tone
to determine whether the surface was either the
smoother (0.75 mm grating) or rougher (1 mm grating)
of the two. In both tasks, participants received appropriate training prior to testing to achieve stable levels of
performance and reliable discrimination (i.e., ≥75% correct). During both training and testing, participants were
asked to verbally report their judgement about either the
pattern or the roughness presented, immediately at the
end of the trial, and were rapidly prompted to respond
if no report had been made after the trial completion.

Recording of EMG during maximal voluntary contraction
(MVC)

The procedure for EMG recording during the MVC is
described in Master and Tremblay [21]. Briefly, maximal
EMG values were measured for the FDI muscle at the
beginning of the testing session. Participants were asked
to push their index finger as hard as they could against
the resistance provided by one of the experimenters for
the duration of a tone lasting 3000 ms. The procedure
was then repeated to get three MVC recordings.
Recording of MEP’s during haptic sensing

Corticospinal excitability was tested under the two task
conditions (pattern and roughness discrimination) with
participants comfortably seated in a recording chair and
blindfolded. The order of testing with the two tasks alternated between participants to control for potential confounders due to variations in attention level, motivation
and fatigue [21,23]. In each task condition, trials were presented in a random order (n = 16) with the two alternatives for each task (ie., pattern discrimination: up/down;
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roughness discrimination: rough/smooth) being equally
probable. For both tasks (Figure 1), TMS was set to trigger
towards the end of the stroking finger movement at 1.5s
in the course of the 1.8 s trial. Sixteen trials of 1800 ms
epochs were recorded under each task condition.
Rationale for task design and selection of tactile stimuli

Tactile stimuli were specifically chosen to control for
the degree of difficulty between tasks so that task performance would allow sufficient time to investigate taskspecific facilitation in response to TMS. For the pattern
discrimination, the three circular stickers were spaced to
span a natural index finger adduction movement during
tactile exploration of surface features. Pilot testing indicated that movement duration of ~2 s was consistent
with such a natural finger exploration. The spacing and
offset of the last of the three circles for the pattern discrimination was determined by further pilot testing, asking participants if they were still sensing and making
their decision regarding the displacement of the last circle upwards or downwards when TMS was delivered
towards the end of the stroking movement. Similarly,
the two textures for the roughness discrimination were
selected on the basis of previous experiments indicating
that discrimination of smooth gratings (≤ 1 mm spatial
period, ridge-to-ridge distance) is more difficult than
coarser gratings (1-3 mm, spatial period) [9]. The two
grating surfaces therefore consisted of relatively smooth
gratings whose spatial period differed by 25% (i.e., 0.75
vs. 1 mm). As shown by Sinclair & Burton [9], such a
difference in spatial period between gratings is relatively
hard to detect by observers when allowed only one single stroke per trial. Pilot testing confirmed that participants were still sensing the texture (as judged by verbal
reports) when TMS was delivered towards the end of
the movement. Thus, the 1.5 s delay chosen for the time
of TMS delivery provided an optimal time point to
examine MEP facilitation, as participants were actively
engaged in haptic sensing for surface features (either
spatial orientation or roughness).
Analysis of MEP data and EMG traces

Although a total of 20 participants were initally included
in the analysis, careful re-examination of individual
recordings revealed technical errors in the settings (trial
duration was not properly adjusted) that invalidated the
data for two participants (one male, one female). Therefore the MEP and EMG analysis was performed on the
remaining 18 participants (9 males, 9 females, 4 left
handed). The details for the procedure for analysis of
MEP data are given in Master & Tremblay [21]. Briefly,
MEP amplitude (peak to peak), latency, and EMG traces
were measured off-line and averaged to derive mean
individual values. For the MVC, the EMG signals
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produced during the last 2000 ms epoch were rectified
and averaged to get a maximal rectified average EMG
value. For the background EMG activity during test
trials, the signal in the 500 ms window preceding the
TMS pulse was rectified on a trial-by-trial basis for each
participant, and these rectified values were then averaged and expressed as a percentage of each particiant’s
maximal rectified average EMG value (see Figure 1B
and 1C). Finally, the SP was estimated as the interval
from MEP onset to the first sign of EMG return.
Statistical methods

A paired-samples t-test was performed on EMG levels
(expressed as a percent of each participant’s MVC)
recorded during the two tasks, pattern discrimination
and roughness discrimination. MEP amplitudes were
normally distributed (Shapiro-Wilk P > 0.05) and did
not need to be transformed. Four repeated measures
ANOVAs were used to determine the impact of task
condition (pattern/roughness discrimination) and gender
on each dependent variable: 1) discrimination performance,2) MEP amplitude, 3) MEP latency, and 4) SP
duration. The significance level was set at P < 0.05 for
all tests. All tests were performed using SPSS software
version 17.0 for Windows® (Chicago, IL, USA). Figures
were prepared using GraphPad Prism version 5.02 for
Windows (GraphPad Software, San Diego California
USA, http://www.graphpad.com).
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Abstract
Background: Active contraction leads to facilitation of motor responses evoked by transcranial magnetic stimulation
(TMS). In small hand muscles, motor facilitation is known to be also influenced by the nature of the task. Recently, we
showed that corticomotor facilitation was selectively enhanced when young participants actively discriminated
tactile symbols with the tip of their index or little finger. This tactile-dependant motor facilitation reflected, for the
large part, attentional influences associated with performing tactile discrimination, since execution of a concomitant
distraction task abolished facilitation. In the present report, we extend these observations to examine the influence of
age on the ability to produce extra motor facilitation when the hand is used for sensory exploration.
Methods: Corticomotor excitability was tested in 16 healthy seniors (58-83 years) while they actively moved their
right index finger over a surface under two task conditions. In the tactile discrimination (TD) condition, participants
attended to the spatial location of two tactile symbols on the explored surface, while in the non discrimination
(ND) condition, participants simply moved their finger over a blank surface. Changes in amplitude, in latency and
in the silent period (SP) duration were measured from recordings of motor evoked potentials (MEP) in the right
first dorsal interosseous muscle in response to TMS of the left motor cortex.
Results: Healthy seniors exhibited widely varying levels of performance with the TD task, older age being associated
with lower accuracy and vice-versa. Large inter-individual variations were also observed in terms of tactile-specific
corticomotor facilitation. Regrouping seniors into higher (n = 6) and lower performance groups (n = 10) revealed a
significant task by performance interaction. This latter interaction reflected differences between higher and lower
performance groups; tactile-related facilitation being observed mainly in the former group. Latency measurements
and SP durations were not affected by task conditions.
Conclusions: The present findings provide further insights into the factors influencing task-dependant changes in
corticomotor excitability in the context of aging. Our results, in particular, highlight the importance of adjusting
task demands and controlling for attention when attempting to elicit task-specific motor facilitation in older
persons engaged in fine manual actions. Such information could be critical in the future for planning interventions
to re-educate or maintain hand function in the presence of neurological impairments.

Background
In everyday life, we often rely on our sense of touch
when it comes to appreciating object and surface properties, as when searching for keys inside the pocket.
Such a task typically engages the finger in fine exploratory movements to detect specific tactile features, which
* Correspondence: francois.tremblay@uottawa.ca
2
School of Rehabilitation Sciences, University of Ottawa, Ottawa, Ontario,
K1H 8 M5, Canada

can then lead to fast object recognition [1]. While trivial
in appearance, tactile discrimination (TD) tasks have
been shown to engage a large cortical network involving
primary and secondary motor and sensory areas, as well
as, associative regions of the frontal and parietal lobes
[2-5]. Recently [6], we investigated task-dependant
changes in corticomotor excitability with transcranial
magnetic stimulation (TMS) when young adults actively
moved their index or little finger over a surface.
Our results showed a large selective enhancement in

© 2010 Master and Tremblay; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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corticomotor excitability when participants discriminated between surface features, as opposed to simply
moving the finger over a blank surface. Further to this,
we showed that such tactile-dependant extra facilitation
was largely abolished when participants performed a
concurrent distraction task. This suggested that task
influences, linked with the increased attentional
demands associated with tactile sensing, were primarily
responsible for the observed extra facilitation.
In the present report, we attempted to extend those
observations on tactile-dependant increase in corticomotor excitability to healthy seniors to investigate whether
age-related alterations in sensorimotor capacities and
cognitive functions would affect the ability to produce
motor facilitation in the context of active finger movements. Previous reports in this regard have produced
mixed results. For instance, D’Esposito et al. [7] examined task-dependant changes in motor cortical activation
using functional magnetic resonance imaging (fMRI)
and reported an age-related decrease both in the number of subjects showing detectable activation and in the
volume of activation during performance of a button
press task. This suggested a decline with age in the ability to activate the motor cortex during simple finger
movement execution. The fact that older subjects also
displayed higher levels of background noise might have
affected the results, however. The issue of age-related
differences in motor activation was further examined by
McConnell et al. [8] who combined TMS with fMRI to
measure motor cortical activity induced either by volitional movement or by direct stimulation using TMS.
Their results revealed no differences in haemodynamic
responses with age for both voluntary-induced and
TMS-induced finger movements, indicating a preserved
capacity to drive the corticomotor system in normal
aging. Similar results were reported by Sale and Semmler [9] who examined right-left differences in corticomotor excitability in young and old adults. Their results
showed that older adults had preserved MEP responses
in the right hand, although MEP amplitude tended to be
reduced in the left hand. No such bilateral difference
was found in young adults. Interestingly, they observed
that performance of a complex hand action (using gardening shears, as opposed to a simple action) produced
large MEP facilitation in the right hand of old adults,
whereas no such facilitation could be elicited in the left
hand. The authors attributed this asymmetry in the
older group to a lifetime preferential use of the dominant hand in executing fine motor tasks.
Using a different task paradigm, Leonard and Tremblay [10] showed recently that older adults were capable
of producing corticomotor facilitation in their dominant
hand in the context of overt and covert action execution, i.e. during observation, imagination and imitation
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of a complex hand action (scissoring action). This preserved capacity for motor facilitation in older adults was
however less specific than that seen in young adults in
terms of muscle selectivity; older adults showing facilitation in both the task and non-task relevant muscles.
This loss in selectivity was thought to reflect compensatory mechanisms in older adults whereby performance
of simple motor actions often leads to extra activation
in areas that are not normally recruited in younger subjects, such as the pre-supplementary motor area, predorsal premotor area, rostral cingulate, and prefrontal
cortex [11-14]. For Heuninckx et al. [11], such a wide
activation extending to associative areas of the cortex
reflected the need for older adults to exert greater cognitive control over on-going actions to maintain performance at the desired level [see also [15]]. This
penetration of cognition into motor control with age
raises the issue of resource allocation when task
demands are increased, given the expected decline in
selective attention and working memory with aging
[16,17]. With limited resources, older participants might
be particularly challenged when hand movements
require fine control such as when the finger is used to
explore tactile features for recognition. As stated earlier,
in the present report, we attempted to address this issue
using TMS to measure task-dependant corticomotor
facilitation elicited in a demanding task paradigm
wherein participants had to actively move their index
finger at a prescribed speed over a surface with or without constraints for tactile sensing at the fingertip.

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 an honorarium for
his or her participation.
The methods and procedures have been detailed previously in our report [see [6]] in young adults, where we
used the same experimental paradigm as in the present
experiment. Briefly, corticomotor facilitation was tested
in a group of healthy seniors (8 female, 8 male; mean
age: 68.0 years, range: 58-83 years, 15 right-handers)
using a Magstim 200 stimulator (Magstim Co. Dyfed,
UK) connected to a figure-eight coil (70 mm loop diameter). Before testing participants were screened for
contra-indications to TMS and for the presence of sensory neuropathies using a graduated Rydel-Seiffer tuning
fork [18,19]. Corticomotor excitability was determined
by monitoring changes in the amplitude and latency of
motor evoked potentials recorded in the first dorsal
interosseous (FDI) using surface electrodes (10 mm

43

Master and Tremblay Behavioral and Brain Functions 2010, 6:16
http://www.behavioralandbrainfunctions.com/content/6/1/16

diameter, Ag-AgCl). We intended initially, as in our previous study in young adults, to include observations on
adductor digiti minimi, but this turned out to be impossible because most participants could not perform the
task properly with the little finger. Electromyographic
(EMG) signals were amplified and filtered (5 Hz to 5
kHz) using a polygraph amplifier (RMP-6004, NihonKohden Corp.) and stored on computer (digitized @ 1
kHz, BNC-2090, National Instrument Corp.) for off-line
analyses.
Testing of task-related corticomotor facilitation was
performed with participants blindfolded and seated in a
recording chair. Prior to testing, participants underwent
a period of familiarization with the task conditions. During that period, they were trained to produce rhythmic
index finger to and fro movements in sync with metronome ticks at 0.8 Hz for 5 s. Then, participants were
introduced to the two task conditions: 1) no discrimination (ND) and 2) tactile discrimination (TD). In the ND
condition, participants simply moved their finger in sync
with the ticks on a blank wooden block. In the TD condition, participants were required as they moved their
finger to attend to the position of two tactile symbols
(hat and boat) formed by two half-circle stickers
(3.2 mm radius, 16 mm apart) pasted on a wooden
block (see Figure 1). Participants had to report the location (right or left) of one of the tactile symbols in each
trial within a block of 16 trials. Once familiarized with
the task conditions, corticomotor excitability was tested
in each participant under the two task conditions (TD
and ND), the order of testing in the two being counterbalanced across participants. Corticomotor excitability
was tested during each task by delivering a TMS pulse
at 110% of the relaxed motor threshold at 3.75 s in the
course of the task execution. This timing was selected
based on our previous report in young adults and corresponded to the 3rd tick in the sequence of cyclic movements when the FDI was actively moving the index
finger into abduction (see Figure 1). Sixteen trials of
1000 ms epochs were recorded under each task condition. MEP amplitude, latency, and EMG traces were
measured off-line and averaged to derive mean individual values. The EMG activity in the 500 ms preceding
the TMS pulse was rectified, averaged and expressed as
a percentage of the maximum voluntary contraction.
Finally, the silent period (SP) was estimated as the interval from MEP onset to the first sign of EMG return.
A paired-samples t-test was performed on background
EMG levels (% MVC) recorded during the two tasks,
TD and ND. As suggested by Nielsen [20] and Schmidt
et al. [21], MEP amplitudes were log-transformed to get
a normal distribution (Shapiro-Wilk P > 0.1). Repeated
measures analyses of variance (ANOVAs) were then
performed on the dependent variables of MEP log-
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amplitude, MEP latency, and SP duration with task condition (TD, ND) as the repeated factor and discrimination performance as the between-subjects factor. The
latter factor was entered into the ANOVA as a dichotomized variable (high vs. low) after examining the distribution of individual performance values with respect to
age (see Results). The level of significance was set at
P < 0.05. All tests were performed using SPSS software
version 17.0 for Windows™ (Chicago, IL, USA). Figures
were prepared using GraphPad Prism version 5.02 for
Windows (GraphPad Software, San Diego California
USA, http://www.graphpad.com). All values are reported
as mean ± 1 SD.

Results
Task performance

Participants exhibited various levels of performance in
discriminating between the two symbols while performing the TD task (i.e., from perfection down to chance
level; mean correct 65 ± 13%). Further inspection of individual performance data indicated that the older seniors
generally experienced greater difficulty in performing the
task than younger seniors. This inverse association is
clearly apparent in Figure 2A, where corresponding individual performance data have been plotted with respect
to age. Pearson’s correlation confirmed that the two factors were indeed inversely related. On the basis of this
relationship and given the difficult nature of the TD task,
participants were regrouped into two subsets, i.e. those
with a relatively high performance (≥ 69% correct, mean
77 ± 12%) and those with a relatively low performance
(< 63% correct, mean 58 ± 7%). As evident in Figure 2B,
the two subsets also reflected the age difference, the
lower performance group being, on average, seven years
older (71 ± 8 yrs) than the higher performance group
(64 ± 4 yrs; t14 = 1.99, p = 0.03).
While the TD task proved to be challenging perceptually for seniors, the performance of the task at the
motor level was not different from that seen when
executing the ND task. A typical example of EMG activity recorded in both task conditions is shown in Figure
3A. In terms of background muscle activation, the two
tasks elicited relatively low levels of EMG activity in the
FDI (mean TD, 11.8%; ND, 14.8% of the MVC). As in
our previous study using the TD paradigm in young
adults [6], no difference in EMG levels was found
between the two tasks (t15 = -1.09, p = 0.29).
Task-specific facilitation

As observed for the discrimination performance, senior
participants also exhibited a great deal of variability
in terms of modulation of MEP amplitude in response
to changes in task conditions (mean relative increase,
21 ± 39%). In spite of this variability, a significant main
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Figure 1 Experimental set-up and schematic illustration of the TD paradigm. A. Experimental set-up showing the position of the index
finger just before TMS pulse delivery during performance of the tactile discrimination (TD) task and the location of the recording surface
electrodes. B. Schematic illustration of the task paradigm used to assess motor evoked potential (MEP) facilitation. In both the TD and non
discrimination (ND) tasks, participants were trained to produce rhythmic finger to and fro movements in sync with the sound of a metronome
at a frequency of 0.8 Hz for 5 s. In the TD condition, the finger moved over a surface containing two tactile symbols (half circle stickers forming
either a “Boat” or a “Hat”, 3.2 mm radius, 16 mm apart) and participants were asked to report the location of one of the specified symbols at the
end of the trial. The ND task was identical in performance to the TD task except that the finger moved over a blank surface. In each trial, the
TMS pulse was set to trigger at a time corresponding to the 3rd tick (3.75 s) in the trial when the index finger was moving towards abduction.

effect of task conditions on MEP amplitude was detected
in the ANOVA (F 1,14 = 5.35, p = 0.04). The ANOVA
also revealed a significant task × performance interaction
(F1,13 = 5.82, p = 0.03), which indicated that performance
levels (high vs. low) did influence observed task-related
variations in MEP amplitude. In fact, this interaction
accounted for 26% of the overall variance in MEP

amplitude. Typical examples of MEP modulation
seen under the two task conditions are illustrated in
Figure 3B, where the contrast between high and low performance is easily apparent. The influence of discrimination performance on MEP amplitude can also be
appreciated in Figure 4, which compares the mean tactilerelated change in MEP amplitude (TD/ND) in the two
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Figure 2 Age and task performance. A. Scatterplot showing the inverse association between performance in the TD task and age (r value
represents Pearson’s correlation coefficient). B. Comparison of the mean age of participants after allocation to either a higher performance (≥
69% correct, n = 6) or a lower performance group (<63% correct, n = 10). Note that individuals with higher discrimination performance were
significantly younger (64 ± 4.1 yrs) than those (71 ± 7.5) with lower performance (t14 = 1.99, p = 0.03).

performance groups. Latency (TD, 20.2 ± 2.2 ms; ND,
20.1 ± 1.6 ms) and SP durations (TD, 70 ± 29 ms, ND,
77 ± 30 ms) did not differ between task conditions, and no
interaction was found with discrimination performance
(F1,14 < 1, p > 0.1).

Discussion
In the present report, we extend our previous observations on task-specific motor facilitation in young adults

[6] to healthy seniors. In this respect, our results reveal
important differences between our former observations
in young adults and the way seniors responded to
increasing task demands in the context of this experiment. First, seniors tended to show much larger variability in terms of their ability to cope with increasing task
demands, i.e. from simple auditory paced rhythmic finger movements to rhythmic finger movement combined
with tactile sensing. Second, age greatly influenced task
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Figure 3 Electromyographic (EMG) activity and MEP traces. A. typical example of electromyographic (EMG) activity elicited in the FDI muscle
during performance of the two finger movement tasks (discrimination, TD; non discrimination, ND). Note the similarity between the two tasks
(TD vs. ND) in terms of EMG patterns produced. B. Examples of task-specific facilitation recorded in the FDI in two individuals, one having high
(100%) and another having low (56%) discrimination performance. Note the task-related increase in MEP amplitude in the TD condition in the
younger senior with high discrimination performance, and the similarity in MEP amplitudes between the TD and ND conditions in the older
senior with low discrimination performance.

performance, which in turn, affected levels of MEP
facilitation.
The issue of greater variability in behavioural and neurophysiological responses with advancing age is a common theme in aging studies. In the present study,
participants in the older age group tended to exhibit
lower performance with accompanying low or absent
MEP facilitation under the TD condition, when compared to younger seniors. In our previous work on tactile sensation and aging, we observed a similar pattern
of results with more variable performance and greater
decline in tactile acuity being observed for individuals
over 75 years [22,23]. Such variability was also observed
in a TMS study by Peinemann et al. [24] looking at
levels of intra-cortical inhibition (ICI) and intra-cortical
facilitation (ICF) elicited in older adults in response to
paired pulse stimulation. They noticed, much like in the
present study, a differential pattern of modulation in a

subgroup of older participants aged >60 years, where
the expected increase in ICF was actually replaced by a
decline. An increase in MEP amplitude variability with
age was also reported by Pitcher et al [25], when examining variations in MEP size with increasing TMS intensities (i.e., stimulus-response curve). Interestingly, they
found that the age-related difference in stimulusresponse profiles, reflecting the strength of corticospinal
projections, was evident only in older female subjects
but not in male subjects; again illustrating the inherent
variability associated with aging. Thus, it is not uncommon in aging studies to find subsets of participants
exhibiting different patterns of responses, as we found
in the present study.
Before addressing the issue as to why certain participants showed task-specific facilitation, while others did
not, it is important to ascertain that motor over-activity
was not a factor in limiting the ability to produce
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Figure 4 Tactile-related MEP increase and performance level. Mean tactile-related changes in MEP amplitude are shown for the two subsets
of participants, i.e. higher (n = 6) and lower (n = 10) performance groups. Each bar represents the average of individual changes in MEP
amplitude measured under the TD task using the ND task as a baseline (i.e., %TD/ND).

corticomotor facilitation. This question is critical since
seniors tend to show compensatory activity and higher
activation levels in both motor and non motor areas of
the cortex even when executing simple finger movements [11-14,26,27]. This possibility is unlikely, however, given that no participants actually showed signs of
MEP saturation under the TD task condition. In fact,
MEP’s were actually reduced in amplitude in all but two
of the participants who failed to show extra facilitation
with tactile sensing. The fact that the finger movements
in the two tasks were associated with relatively low
levels of background EMG activity likely contributed to
limit the level of motor activation, associated with the
finger movements. In fact, our observations of taskrelated MEP facilitation with tactile sensing in seniors
fit with the recent findings of Van Impe et al. [28] who
measured cortical activation during a hand-foot coordination task in older adults. Their results showed that,
although age was associated with activation of a larger
brain network, this activation reflected increased attentional deployment to enhance somatosensory processing
and integration rather than increased motor cortical
activity. Thus, other factors, besides motor over-activity,
likely contributed to the variations observed in MEP
amplitude under the two task conditions in our group
of seniors.
We have already mentioned that performance in the
tactile task largely influenced MEP facilitation in our

group of seniors. In fact, the present results show that
the degree of task-specific facilitation was linked with
the actual perceptual performance of seniors in discriminating the tactile symbols; a higher performance being
associated with large MEP facilitation, while a lower
performance was not. In many respects, the present
results are reminiscent of our previous findings in
young adults, where high performance (mean, 84% correct) was associated with substantial tactile-related MEP
facilitation (mean relative increase, 45%), while the same
facilitation was abolished when attention was diverted
away from the tactile inputs by performance of a concurrent cognitive task. Together, these observations
strongly suggest that the observed task-related corticomotor facilitation seen during tactile sensing is central
in origin, reflecting enhanced excitability mediated by
top-down attentional mechanisms acting on the motor
cortex to facilitate task performance. This idea is further
supported by recent findings showing a participation of
anterior motor cortical area 4 in complex somatosensory
processing [29], highlighting the importance of finely
tuned central motor control during the execution of tactile exploratory tasks.
In light of these observations, the inverse association
between age and task performance can be explained, in
the case of older seniors, by a difficulty in attending to
the tactile stimuli as the finger moved over the surface.
The converse can be said for younger seniors, where
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effective coping with task demands likely allowed them
to selectively attend to the tactile symbols as the index
finger moved, resulting in higher discrimination performance and MEP facilitation during tactile sensing. However, it is still possible that a greater degree of
peripheral decline in tactile sensibility in older seniors
might have affected their ability to sense the tactile spatial features when touching the stimuli. Two arguments
mitigate this possibility, however. First, all participants
were screened for the presence of sensory deficits at the
outset of the study using validated vibratory thresholds
as an index of tactile sensation. Second, the spatial
dimensions of the tactile symbols (3.2 mm radius, 0.18
mm relief) were in the range of easily detectable spatial
stimuli, even for individuals advanced in age [23]. In
fact, the great majority of participants experienced no
difficulties in discriminating between the two tactile
symbols in the familiarization period before formal testing. It seems more likely, as we suggested above, that
ineffective coping mechanisms in the context of multiple
task demands was responsible for the poor performance
in older seniors. Such an explanation would be consistent with observations suggesting that deficits in topdown modulation mechanisms are critical in leading to
cognitive decline in normal aging; older adults being
particularly impaired in their ability to selectively suppress task-irrelevant information [30]. As recently
shown by Gazzeley et al [31], such an inability seems to
result from excessive attention towards distracting stimuli early in the sensory encoding process, resulting in
lower processing speed and decreased performance (i.e.,
longer response time and lower accuracy). In the context of our TD task, the sound of metronome ticks in
the background could have drawn too much attention
on the part of certain older seniors to the detriment of
the tactile information arising from contact with the
symbols; leading to low discrimination performance and
inefficient task-related corticomotor facilitation.
The deficit in top-down modulation with age is
thought to correspond to changes in the frontal and
parietal lobes and the resulting decreased connectivity of
the anterior-to-posterior network, in particular the frontal associative areas and the motor cortex [32,33]. In
support of this argument, Rowe [27] showed recently
that cortical connectivity between the contralateral premotor and prefrontal cortices was impaired during an
externally paced randomized button-pressing task in
seniors. Indeed, the anterior-to-posterior network would
have been important for the TD task, given that it is
involved in haptic sensing [34-36] and attention to
action [37]. A recent review of the literature on somatosensory-motor interactions by Bressler [38] supports the
idea that attentional mechanisms are part of the largescale, synchronized cortical network controlling motor
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activity, and can mediate the critical relationship
between the somatosensory and motor cortices.

Limitations
The present results are based on a relatively small sample of healthy seniors, which might not be representative
of the elderly population in general. In addition, the
degree of difficulty associated with the TD task proved
to be very challenging for some seniors. It would be
important for future studies investigating task-related
motor facilitation in older adults to control for the
degree of task difficulty, providing some adjustments
when necessary, to account for the increased variability
generally observed in this population in terms of perceptual performance.
Conclusions
In conclusion, the present findings provide further
insights into the factors influencing tactile-dependant
changes in corticomotor excitability, in the context
of aging. Our results, in particular, highlight the importance of adjusting task demands and modulating attentional influences at the individual level to elicit
proper task-specific facilitation when older persons are
engaged in fine motor actions. Such information could
be critical in the future for planning interventions to
re-educate hand function in the presence of neurological
impairments.
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Abstract
Background: Haptic sensing with the fingers represents a unique class of manipulative actions, engaging motor,
somatosensory and associative areas of the cortex while requiring only minimal forces and relatively simple
movement patterns. Using transcranial magnetic stimulation (TMS), we investigated task-related changes in motor
evoked potential (MEP) amplitude associated with unimanual haptic sensing in two related experiments. In
Experiment I, we contrasted changes in the excitability of the hemisphere controlling the task hand in young and
old adults under two trial conditions, i.e. when participants either touched a fine grating (smooth trials) or touched
a coarse grating to detect its groove orientation (grating trials). In Experiment II, the same contrast between tasks
was performed but with TMS applied over the hemisphere controlling the resting hand, while also addressing
hemispheric (right vs. left) and age differences.
Results: In Experiment I, a main effect of trial type on MEP amplitude was detected (p = 0.001), MEPs in the task
hand being ~50% larger during grating than smooth trials. No interaction with age was detected. Similar results
were found for Experiment II, trial type having a large effect on MEP amplitude in the resting hand (p < 0.001)
owing to selective increase in MEP size (~2.6 times greater) for grating trials. No interactions with age or side (right
vs. left) were detected.
Conclusions: Collectively, these results indicate that adding a haptic component to a simple unilateral finger
action can elicit robust corticomotor facilitation not only in the working hemisphere but also in the opposite
hemisphere. The fact that this facilitation seems well preserved with age, when task difficulty is adjusted, has some
potential clinical implications.

Background
Interhemispheric interactions associated with performance of unimanual actions have been the object of
much study in recent years. For instance, functional
neuroimaging studies have provided evidence that both
task complexity and advancing age are critical factors in
leading to extra cortical activation in sensori-motor
areas ipsilateral to the task hand when participants executed actions with one hand [e.g., [1,2]]. Further evidence for the involvement of ipsilateral motor cortex
during unilateral hand actions has come from
* Correspondence: francois.tremblay@uottawa.ca
† Contributed equally
1
School of Psychology, University of Ottawa, Vanier Hall, 136 Jean Jacques
Lussier, Ottawa, Ontario, Canada K1N 6N5
Full list of author information is available at the end of the article

transcranial magnetic stimulation (TMS) studies in
young adults. However, TMS reports in this regard have
produced mixed results with evidence of both facilitation and suppression in the ipsilateral “resting hemisphere” while the opposite hemisphere was engaged
during unilateral performance of the contralateral hand
[e.g., [3-7]. Whether the “resting” hemisphere is facilitated or inhibited appears to depend on factors such as
the nature of the unimanual task, particularly the task
demands (e.g. low-force phasic vs. high force tonic
pinch, congruence between real and imagined movements of the “resting” and task hands), which are
known to affect interactions between hemispheres at the
sensori-motor level. In view of these findings in young
adults, there is a need to better characterize how task
demands influence corticomotor facilitation in both the

© 2012 Master and Tremblay; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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active and resting hemisphere during unimanual actions,
especially in the context of human aging.
In a recent series of experiments, we have investigated
with TMS the neurophysiological correlates of motor
cortical activation associated with unimanual performance using various forms of haptic sensing tasks [8-11].
Haptic sensing with the fingers represents a unique class
of manipulative actions, engaging motor, somatosensory
and associative areas of the cortex while requiring only
minimal forces and relatively simple movement patterns
[12,13]. For instance, pattern recognition at the fingertip
typically leads to unilateral small amplitude movements
to extract spatial information from contour exploration
[14]. While such task requires only minimal effort at the
motor execution level, pattern recognition is nevertheless
cognitively demanding for contour exploration is a slow
serial process relying on tactile working memory to integrate spatial information to allow for recognition [14].
Such a class of actions thus provide a unique window
to investigate the influence of task demands on motor
facilitation associated with unimanual actions. Indeed,
our observations showed that robust corticomotor facilitation could be elicited in hemisphere controlling the
task hand when participants sensed pattern with the
index finger. The fact that this haptic-related enhancement could be abolished by disengaging tactile attention
[9] during finger movements pointed to a centrally
mediated top-down effect rather than a simple bottomup afferent mediated increase in corticospinal excitability. Indeed, attending to tactile inputs in the context of
haptic sensing engages several cortical regions in the
parietal and frontal lobes, including premotor areas
[15,16], and the recruitment of this cortical network was
likely critical in leading to enhanced corticomotor excitability in the working hemisphere. Such facilitation
could be important in finely modulating the corticospinal drive to allow for optimal detection of tactile features as the finger moves. Similar experiments
performed in older adults showed that haptic-related
enhancement in excitability was still present but
depended upon the individual’s capacity to perform fine
discrimination at the fingertip [17].
In the present report, we extend our previous observations on haptic-related corticomotor facilitation in two
series of related experiments destined to further characterize the influence of task demands associated with pattern recognition in young and older adults. In
Experiment I, we asked whether haptic-related enhancement in motor excitability in the working hemisphere
would be similar between young and older adults, when
task difficulty is adjusted to accommodate for agerelated changes in tactile perception. In Experiment II,
we asked the same question but with regard to the
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“resting hemisphere”, that is whether engaging one
hemisphere and one hand in haptic sensing would influence the excitability of the opposite hemisphere and the
resting hand to the same extent in young and older
adults. We also asked if such crossed modulation would
be different depending on whether the right or left
hemisphere is engaged in haptic sensing.

Results
Experiment I. Corticospinal excitability in the working
hemisphere
Task performance

In terms of muscle activation, grating and smooth trials
elicited a very similar pattern of activity in the FDI muscle, characterized by a sustained increase in activity as
the index finger pressed down against the dome. This
pattern of EMG activity was similar for both young and
senior adults when normalized as a percent of the individual’s maximum voluntary contraction (MVC), as
shown in Figure 1A and 1B. The average level of activation corresponded to ~10% of the MVC in the two
blocks of trials (smooth, 10.0%; grating, 11.7%). Paired
comparison revealed no significant difference between
the two blocks of trials on mean rectified EMG activity
in the 500 ms period preceding the TMS pulse (paired
t-test, t30 = 2.0, p > 0.05).
Task-specific corticospinal facilitation

In general, participants in both age groups exhibited
very reliable discrimination in the grating trials with
accuracy > 90%, on average. While young participants
made slightly more errors (mean, 1.2 ± 0.4) than their
senior counterparts (0.3 ± 0.1), the difference was not
statistically significant (Mann-Whitney test, p = 0.19).
As shown in Figure 2, younger and senior participants
showed facilitation of MEP amplitudes during the grating discrimination trials. The main effect of trial type on
MEP amplitude was highly significant (F1,30 = 12.72, p =
0.001, partial eta squared = 0.30). Age had a main effect
on MEP amplitude (F 1,30 = 7.57, p = 0.01, partial eta
squared = 0.20) because seniors generally exhibited
smaller MEP sizes than their younger counterparts, irrespective of trial type. No interaction was detected, however, between age and trial type (F1,30 = 0.06, p = 0.81),
as the two age groups exhibited comparable levels of
MEP enhancement in the grating trials (young adults,
46 ± 13%; senior adults, 56 ± 29%). Variations in MEP
latency (20.6 ± 0.4 vs. 20.6 ± 0.3 ms, grating and
smooth, respectively) and SP duration (101 ± 7.6 vs. 93
± 6.2 ms, grating and smooth, respectively) were not
influenced by trial type (latency, F1,30 = 0.06, p = 0.81;
silent period, F1,30 = 1.76, p = 0.20), age (latency, F1,30 =
0.86, p = 0.36; silent period, F1,30 = 3.91, p = 0.057), or
interactions between trial type and age (F < 2, p > 0.2).
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Figure 1 EMG activity during grating and smooth trials in young and older adults. Muscle activation pattern elicited in the right FDI in
Experiment I during task execution in young (A) and older (B) adults. The traces represent the overall mean (± SD) of all participants’ rectified
electromyographic (EMG) activity level in each age group (n = 16) recorded prior to application of TMS pulse over the left primary motor cortex,
normalized as a percentage of each participant’s MVC, for all grating (n = 12) and smooth (n = 12) trials. Note the close similarity in the pattern
of muscular activation between the two types of trials, and in both age groups.

Experiment II. Corticospinal excitability in the resting
hemisphere
Task performance

Observations with regard to background EMG level elicited in the task hand were similar to Experiment I,
with no significant difference in average levels being
detected between smooth and grating trials for both the
right hand (smooth, 10.6%, grating, 12.0%, t31 = 1.5, p =
0.13) and the left hand (smooth, 10.8%, grating, 11.7%,
t 31 = 1.3, p = 0.19). In the resting hand, mean EMG
activity in the resting hand was equivalent to background noise (i.e., ~2% of MVC) for all trials for both
the right and left sides in young (2.1%) and older (2.0%)
adults.
Task-specific corticospinal facilitation

As in Experiment I, participants of both age groups
exhibited very reliable and comparable discrimination
performance (i.e., > 90%, on average) in the grating trials

(overall mean error rate, young, 0.9 ± 0.2; seniors, 0.3 ±
0.1; Mann-Whitney test, p = 0.30). As shown in Figure 3,
younger and senior participants showed large MEP facilitation in the resting hand when the other hand was discriminating the grating orientation (F 1,30 = 16.98, p <
0.001, partial eta squared = 0.36). MEPs in the resting
hand were, on average, 2.6 times larger during grating
discrimination trials than either during smooth trials or
at baseline (Bonferroni’s p ≤ 0.001). In fact, MEPs elicited during smooth trials were equivalent in size to
those measured at baseline in the resting state (Bonferronni’s p = 1.0). As for Experiment I, there was a main
effect of age on MEP amplitude in the resting hand
(F 1,30 = 19.18, p < 0.001 partial eta squared = 0.39),
owing to the age-related difference in MEP size. There
was no interaction between trial type and age in the
resting hand (F1,30 = 0.37, p = 0.55), seniors showing as
much grating facilitation on average (right hand, 183 ±
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corticomotor excitability in the working hemisphere was
similar in magnitude in young and older adults, when
task difficulty was adjusted for age difference. In Experiment II, we showed that haptic enhancement in corticomotor excitability could also be reliably detected in the
“resting” hemisphere opposite to the working hemisphere and that this cross-modulation was similar in
magnitude between the two age groups and regardless
of which hemisphere (i.e., right or left) was engaged in
haptic sensing. We will first address the significance of
the haptic enhancement observed in Experiment I in the
context of aging. Then, we will examine issues pertaining to bilateral corticomotor facilitation as assessed by
TMS, in the context of aging with an emphasis on the
importance of task demands, in line with the haptic
enhancement observed in Experiment II in the “resting”
hemisphere.
Experiment I. Corticospinal excitability in the working
hemisphere

Figure 2 MEP amplitudes during the smooth vs. grating trials
in Experiment I. A. Examples of task-related differential modulation
in MEP amplitude under the two trial types in a typical young
(right-handed male, aged 23 years) and a typical older (righthanded female, aged 68 years) participant. Each trace is an average
of 12 responses. B. Comparison of mean MEP log-amplitudes in the
two trial types (grating/smooth). Each bar represents the mean of
individual values computed under each trial type for all young adult
(N = 16) and senior participants (N = 16). Note that extra facilitation
was observed during the grating trials compared to the smooth
trials, and the main effect of trial type was significant for the overall
variations in MEP log-amplitude (F1,30 = 12.72, p = 0.001, partial eta
squared = 0.30).

30%; left hand, 288 ± 77%) as young adults (right hand,
202 ± 25%; left hand, 362 ± 166%). Hemispheric side
(F1,30 = 0.74, p = 0.40) had no influence on MEP amplitude and showed no interactions with trial type or age
(F < 1, p > 0.3). Variations in MEP latency were not
influenced by trial type (F1,29 = 0.01, p = 0.95), age (F1,29
= 2.46, p = 0.13), hand (F1,29 = 1.06, p = 0.31), or interactions between any of these factors (F1,29 < 4, p > 0.05).

Discussion
In the present study, we examined variations in corticomotor excitability associated with unimanual pattern
recognition at the fingertip in young and older adults.
In Experiment I, we showed that haptic enhancement in

In our previous investigation into task-related corticomotor facilitation [17], we found that MEP enhancement
with haptic sensing was highly variable in seniors, a variability that linked with the participant’s ability to reliably
perform haptic discriminations when the task consisted
of identifying raised patterns by active stroking of the
index finger at a prescribed speed. In this previous study,
the inherent difficulty associated with pattern recognition
was further complicated by the fact that participants had
to externally pace their stroking movement to an auditory tone; hence the possibility of interference with the
primary tactile task. In the present study, we show that
haptic-related enhancement in corticomotor excitability
can be easily elicited in healthy seniors when task
demands associated with haptic sensing are reduced both
at the kinematics level (i.e., from stroking to simple
pressing action) and at the perceptual level (i.e., from patterns to simple grating dimensions). In fact, senior exhibited as much task-related facilitation as young adults
when performing grating orientation discriminations.
Simplifying task demands in the context of inherently difficult pattern recognition tasks was likely critical in
allowing seniors to allocate attentional resources towards
tactile inputs coming from the fingertip during grating
trials. This observation in seniors, along with the fact
that the MEP enhancement was specific for grating trials,
reinforces our previous suggestion [9,17] that the likely
source of this corticomotor facilitation resides in the activation of the parieto-frontal network subserving tactile
attention and tactile processing during haptic sensing.
These observations, altogether, indicate that controlling
for task difficulty and demand represents a crucial issue
when working with older adults in interventions destined
to improve fine dexterity.
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Figure 3 MEP amplitudes during the smooth vs. grating trials in Experiment II. A. Examples of task-related differential modulation in MEP
amplitude under the two trial types in the left and right resting hands in typical young (right-handed female, aged 25 years) and older (righthanded female, aged 77 years) participants. Each trace is an average of 12 responses. B. Comparison of mean MEP log-amplitudes in the resting
hand when the task hand was performing the two trial types (grating/smooth). The gray area represents the mean and standard error of the
baseline resting MEP log-amplitudes in the young adult and senior age groups. Each bar represents the mean of individual values computed for
the resting hand when the task hand performed each trial type (grating/smooth) for all young adult (N = 16) and senior participants (N = 16).
Note the main effect of trial type in the task hand was significant for the overall variations in MEP log-amplitude in the resting hand (F1,30 =
16.98, p < 0.001, partial eta squared = 0.36), reflecting enhanced MEP amplitudes in the resting hand when the other hand was doing the
grating trials vs. the smooth trials (Bonferroni’s p = 0.001) or resting baseline values (Bonferroni’s p < 0.001), which were not different from one
another (Bonferroni’s p = 1.0).

Experiment II. Corticospinal excitability in the resting
hemisphere

As stressed before, increases in ipsilateral sensorimotor
activity have been observed at different levels in the
motor system (i.e. peripheral and central) during a variety of unimanual tasks [18-20]. In the present study, we
observed that engaging one hemisphere and one hand
in haptic sensing was associated with enhanced excitability of the opposite hemisphere associated with the
resting hand. In addition, this enhancement was comparable in magnitude between young and old participants, regardless of which hemisphere was engaged in
the task. In this regard, our observations are consistent
with many TMS reports in young adults, wherein
enhanced corticomotor excitability on the “resting”
hemisphere has been described when the other was

engaged in various unimanual tasks [4,19,21-25]. The
present findings may also be interpreted in light of neuroimaging data showing increases in the activity of the
ipsilateral sensorimotor cortex during various unimanual
tasks, particularly more complex tasks [1,26]. This raises
the question as to why smooth trials, which produced
similar pattern of background EMG as that seen with
grating trials in the task hand, failed to elicit any detectable changes in MEP amplitude in the resting hand;
even when compared to baseline values in the resting
state. One possible reason for this may reside in the nature of the finger movement, which required only minimal effort on the part of the participant and was simple
and highly predictable from trial to trial. In line with
this, Tinazzi and Zanette [4] observed a gradual
decrease in corticomotor facilitation in the resting hand

55

Master and Tremblay BMC Neuroscience 2012, 13:27
http://www.biomedcentral.com/1471-2202/13/27

when the task performed with the opposite hand
became more automatic after sequential training. Evidently, grating trials were not susceptible to such training effects with repetitions, because participants were
required to deploy tactile attention and use cognitive
resources at each trial to discriminate the grating
orientation.
Concerning the neural mechanism for the observed
haptic enhancement in the “resting” hemisphere, as indicated before, the selectivity of the effect for grating trials
points to the parietal-frontal network recruited during
tactile attention associated with haptic sensing [15,16] as
the primary source of facilitatory influences. In principle, such central facilitation could be exerted at two
sites, i.e. either indirectly through the active hemisphere
or directly through the “resting” hemisphere. With
regard to the first possibility, one possible source is descending ipsilateral facilitation coming from the activated
motor cortex through uncrossed corticospinal projections reaching spinal motoneurons. Such a possibility is
very unlikely, however, given that ipsilateral corticospinal projections destined to distal hand muscles are rare
in primates [27], and were shown recently to have only
very weak effects in modulating ipsilateral motoneuronal
activity during hand movements [28]. Another related
source is irradiation of facilitatory influences or a release
from inhibition from the activated primary motor cortex
to the homologous cortex through transcallosal projections. Such a possibility is also unlikely, however, for
three major reasons. First, most TMS studies looking at
interhemispheric influences between motor cortices
have emphasized the inhibitory nature of these interactions [see [29] for review] such that conditioning stimuli
applied to one hemisphere lead to suppression of MEPs
elicited from the opposite hemisphere over a wide range
of inter-stimulus intervals. Interhemispheric facilitation
can also be elicited but the phenomena has been
described as less reliable and remains highly susceptible
to variations in experimental paradigm [e.g., [30]. Second, the fact that no mirror activity was detected in the
resting FDI homologous to the one engaged in haptic
sensing, and that smooth trials elicited no sign of MEP
facilitation, argue against the notion of a simple spread
of excitation from one motor cortex to the other as the
primary source for the observed corticomotor facilitation. Finally, both anatomical tracer work in non-human
primates [31] and tractography analyses of diffusion tensor imaging in humans [32] converge to show that primary motor and somatosensory cortices have relatively
scant callosal connections when compared to secondary
motor or somatosensory areas. This leaves the “resting”
hemisphere ipsilateral to the task hand as the most
probable site of origin for the observed MEP facilitation
in the resting hand. In this respect, a likely source of
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ipsilateral facilitation during trials with grating discrimination is the recruitment of secondary motor areas,
such as the pre-SMA, SMA proper and ventral premotor cortex; which all have been shown to be activated to
some degree in tasks involving haptic sensing with the
finger [15,16]. As stressed earlier, these secondary motor
areas have dense callosal connections and are also densely interconnected with M1 intra-cortically [31,33]. In
addition, both SMA and premotor neurons are known
to exhibit pre-movement activity during ipsilateral
unimanual movement, which contrasts to MI neurons
where such premovement activity is seldom found
[34,35]. Therefore, bilateral recruitment of secondary
motor areas associated with cognitive demand and tactile attention in the context of unilateral haptic sensing
seems the most likely source of facilitation to raise
motor excitability in the “resting” hemisphere. Yet, one
can ask as to why a large increase in corticomotor excitability in the resting hemisphere was not accompanied
by overt motor overflow in the resting hand. In this
respect, it is possible that interhemispheric inhibitory
influences from the active hemisphere to the “resting”
hemisphere likely balanced out the facilitation mediated
by the secondary motor areas recruited during haptic
sensing, reducing it to a sub-threshold level so as to prevent overt mirror movements of the non task hand [36].
To summarize, although we cannot totally rule out the
possibility that irradiation from the active hemisphere
contributed to the observed ispsilateral MEP enhancement, both anatomical and physiological evidence point
to the “resting” hemisphere as the most likely site for
the facilitation in link with the recruitment of secondary
motor areas in the context of haptic processing.
In line with a previous TMS study comparing rightleft differences in the excitability of corticomotor projections to the resting hand when the other hand performed simple movements of varying intensities [37], no
difference was found between the two hemispheres with
regard to task-related enhancement in corticomotor
excitability. However, ipsilateral cortical activity during
unimanual performance has often been reported to be
more pronounced in the left hemisphere and more
important for left hand task performance, particularly
for complex tasks [e.g., [1,38]. The present observation
that haptic-related corticomotor facilitation in the resting hemisphere was unaffected by hand could be related
to the nature of our task, as we have argued before. The
fact that our finger task consisted of a simple action
requiring minimal effort at the muscular level could
have contributed to accentuate differences arising from
central influences at the motor cortical level between
smooth and grating trials; leading to similar facilitation
irrespective of the hand performing the task. Similar to
observation between hemispheres, no differences was
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also observed between young and old participants in the
level of MEP facilitation elicited in the “resting” hemisphere when the opposite one was engaged in haptic
sensing. This is somewhat in contrast to previous neuroimaging and behavioural studies reporting age-dependant increase in bilateral sensorimotor activation and in
peripheral muscle activity during simple unimanual
tasks [20,39-41]. Seniors also exhibited less interhemispheric motor inhibition than young adults during performance of unimanual tasks, suggesting that attending
to a task may affect inhibitory modulation of ipsilateral
motor cortical activity with aging [42]. However, in the
present study, the possibility of motor overflow affecting
the status of the “resting” hand was greatly reduced by
asking participants to refrain from contracting their
muscles in the relaxed state and by constant monitoring
of EMG level. Such active strategy has been shown to
be highly effective in suppressing mirror movements in
the non-task hand when complex movements were performed with the other hand in both young and old
adults [43]. Thus, any age-dependant increases in motor
overflow might have been mitigated by our active control over spreading muscle activity in the resting hand
as senior and young participants performed the finger
task. Another factor that might have contributed to
attenuate age differences is the fact that we controlled
for the level of task difficulty. In general, older adults
tend to exhibit more widespread cortical activation than
younger subjects when motor task demands are
increased in terms of complexity [e.g., [2,20,39-41,44].
On this basis, one could have predicted greater hapticrelated motor facilitation in the older group owing to
the recruitment of a more extensive bilateral frontal and
parietal network associated with discrimination of the
grating orientation; but this was not the case. As suggested before, such compensatory over-recruitment
might have been largely cancelled out in this study by
the combined effect of using a simple finger action task
and adjusting the level of perceptual difficulty for age
for the haptic component. Overall, these observations
with regard to the effect of age would be compatible
with the compensation-related utilization of neural circuits hypothesis (CRUNCH) theory [45]. This theory
suggests that aging results in a loss of hemispheric specialization only in situations in which performance deterioration is evident, to increase compensatory
recruitment of available cognitive resources and help
improve task performance in seniors [45]. Indeed,
poorer unimanual motor task performance in seniors
was associated with greater recruitment of ipsilateral
M1, decreased callosal size, and integrity, indicating a
shift towards excitation in the balance of excitatory and
inhibitory interhemispheric interactions [36,39,46]. In
the present study, given the careful design of task

Page 7 of 12

demands and stimuli to facilitate good performance in
seniors in the haptic sensing trials, there would be no
reason to expect a compensatory over-recruitment of
ipsilateral or contralateral motor areas.

Conclusions
Finger movements performed in the context of haptic sensing produced a task-specific facilitation in the corticospinal projections destined to intrinsic hand muscles in both
senior and young adults, when task demands are adjusted
for age. This task-specific facilitation is not only detectable
in the working hemisphere controlling the task hand but
also in the opposite hemisphere associated with the resting
hand. Such results highlight the importance of cognitive
factors and task demands in modulating corticospinal output during performance of unimanual actions. These
results might have implications in the design of rehabilitative interventions in aging populations. For instance, one
could conceive interventions in stroke patients, where
haptic sensing is incorporated into hand retraining to facilitate corticospinal drive to the paretic hand. Along the
same line, interventions could be directed also at the less
affected hand using more demanding haptic sensing tasks
to elicited bilateral corticomotor facilitation aiming at promoting recovery of the affected hand. Future work is
required to test various haptic sensing tasks in the context
of rehabilitation in stroke patients.
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 an honorarium for
his or her participation.
Participants

Sixteen healthy young adults (9 males, 7 females, mean
age ± SD, 22 ± 2.5 years) and 16 healthy seniors (8
males, 8 females, mean age ± SD: 68 ± 5.1 yrs) from the
Ottawa area were included in the study. The majority of
subjects were right-handed (young, 13/16; older, 16/16)
according to the Edinburgh Handedness Questionnaire.
Prior to the experimental session, all participants completed a medical questionnaire to ensure that there were
no contra-indications to TMS and no antecedents of
conditions likely to affect their performance in the tests.
In addition, all participants were screened for the presence of undiagnosed peripheral neuropathies using a
graduated Rydel-Seiffer tuning fork, which has been
shown to be a valid and reliable instrument for assessing
sensory nerve function in the extremities [47,48]. None
showed signs of peripheral neuropathy.
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Prior to testing participants were also tested to determine spatial acuity theshold at the tip of the right index
finger using the JVP domes (Stoelting Co., Wood Dale,
IL, USA). The methods and stimuli have been described
in detail elsewhere [49]. Briefly, participants were presented successive blocks of trials (n = 30) starting with a
wide grating dome (e.g, 3.5 mm-width) and progressing
to finer gratings until performance fell to chance level.
Each trial consisted of presenting the grating dome in
one of two orthogonal orientations according to a predetermined pseudo-random sequence. Subjects reported
the perceived orientation of the grating (i.e., either along
or across the fingertip) according to a two-alternative
forced-choice paradigm. The tactile spatial acuity
threshold was determined by calculating the grating
width corresponding to 75% correct discrimination,
using a linear interpolation technique [50]. This assessment confirmed that our sample participants, young
(mean ± SEM, 1.24 ± 0.1 mm) and senior (1.89 ± 0.2
mm), exhibited spatial acuity thresholds within the
range reported previously for similar groups of healthy
subjects [49,51,52].
General procedure for EMG recording and TMS

The recording techniques and TMS procedure have
been reported previously [see [9]]. Briefly, EMG activity
was recorded using small auto-adhesive surface electrodes (10 mm diameter, Ag-AgCl) placed over the FDI of
the right and left hands. EMG signals were amplified
(100-500 μV/div), filtered (bandwidth, 16 Hz to 1 kHz),
and digitized at 2 kHz (RMP-6004, Nihon-Kohden
Corp.; BNC-2090, National Instrument Corp.).
Magnetic stimulation was delivered with a Magstim
200 (Magstim Co. Dyfed, UK) connected to a figureeight coil (70 mm loop diameter). To determine the
optimal site to evoke MEPs in the contralateral hand
muscles, the approximate location of the hand motor
area on the left hemisphere was explored in 1 cm steps
until reliable MEPs could be evoked in the target muscle
(FDI). Following this procedure, the relaxed motor
threshold was determined using the method advocated
by Mills and Nithi [53]. Starting from supra-threshold
intensity, the stimulator’s output was gradually
decreased in 1% steps until no MEP could be evoked for
10 consecutive stimuli. This TMS intensity corresponded to the lower threshold value. From this point,
the intensity was gradually increased until MEP’s of at
least 50 μV peak-to-peak amplitude could be evoked by
ten consecutive stimuli. This latter intensity was
recorded as the upper threshold value. The relaxed
motor threshold (RMT) was defined for each participant
as the median intensity between the upper and lower
threshold values. Mean RMTs were lower in the right
hand, and in young adults (right hand, 35 ± 8.4; left
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hand, 38 ± 9.2) compared to seniors (right hand, 45 ±
9.7; left hand, 51 ± 8.8; F). The TMS intensity was then
fixed at 110% of motor threshold for the remainder of
the experiment.
As in our previous studies [9], prior to formal testing,
all participants underwent two series of baseline measurements. First, baseline MEP values were derived for
each hemisphere (right and left) by delivering TMS with
participants instructed to relax. For each side, 12-15
MEPs were recorded at rest with an interstimulus interval of ~ 5 s. Second, estimates of maximal EMG activity
for the FDI were derived for each hand by recording
muscle activity produced during maximal voluntary contractions (MVC). This was performed by asking participants to abduct (open) their fingers as hard as they
could for the duration of a tone lasting 3000 ms against
the resistance provided by one of the experimenters
(SM) using both hands to hold all four fingers together.
The procedure was repeated three times for each with 5
s rest between contractions.
Experiment I. Corticospinal excitability in the working
hemisphere

In Experiment I, we measured varations in corticomotor
excitability in the hemisphere controlling the task hand
under two set of conditions which both required participants to gently touch a grating dome (JVP domes, see
above) with the distal pad of the index finger. One
dome consisted of a fine grating with 0.5 mm groove
width, which was designated as the “smooth” dome.
This dome was used in smooth trials, where participants
were simply asked to gently press against the dome
without any other requirements. In the second set of
trials (grating trials), participants performed the same
unilateral touching action but this time they were
required to report the perceived orientation of the
grooves in the presented dome. In grating trials, two different grating dimensions were used for young and
senior participants to ensure stimuli would be 150%
above mean spatial acuity thresholds in both groups,
and thus easily perceptible. The 1.5 mm dome was used
in young subjects, whereas the 3.0 mm dome was used
in seniors. These grating dimensions were selected on
the basis of our estimates of the participants’ spatial
acuity prior to testing. The orientation of the 1.5 and
3.0 mm grating domes were both reported to be easily
detectable by the participants of each age group, though
they still required attention. The tasks were always performed with the right index finger and TMS was applied
over the left motor cortex to evoke contralateral MEPs
in the task hand (see Figure 4A). Participants were first
trained to perform smooth trials with the 0.5 mm dome.
The task consisted of gently pressing against the dome
by flexing the index finger in sync with a tone lasting
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Figure 4 Task paradigm used to assess corticospinal excitability. A. Experiment I. In both grating and smooth trials, participants were trained
to produce a single gentle downwards right index finger movement in sync with the sound of a tone lasting for 1.8 s. During the smooth trials,
the finger moved downwards to touch a relatively smooth grating dome (0.5 mm spatial period) with no discrimination requirement. During the
grating trials, participants touched a coarse grating dome (1.5 or 3 mm spatial period) and reported whether the grooves ran along or across the
fingertip. In each trial, the TMS pulse was set to trigger over the left motor cortex 1.5 s after the tone, corresponding to the time point in the
trial when the finger was touching the dome and the participant was actively discriminating during the grating trials. Contralateral MEPs were
recorded in the task hand. B. Experiment II. The task conditions were identical to Experiment I except that both the right and left hands were
tested in Experiment II, and contralateral MEPs were always recorded in the resting hand instead of the task hand.

1.8 s. Then, participants were trained to perform grating
discrimination trials with either the 1.5 (young) or 3.0
mm (senior) dome. The conditions were identical to the
smooth trials except that participants were required to
attend to the perceived orientation of the grooves as
they pressed against the dome. The grating orientation
was presented as either along or across the long axis of
the distal finger pad (see, Figure 4A). Immediately at the
end of the trials, participants were required to report
their responses verbally and were rapidly prompted to
respond if no report had been made after the trial completion. Discrimination performance was recorded as the
number of correct responses. Participants received
appropriate training prior to testing to ensure that contact force and movement characteristics were similar

under the two sets of conditions (i.e., smooth trials and
grating trials). In both age groups, this training to perform the finger movement in time with the tone and to
complete the grating discrimination and report their
response only at the end of the trial required 3-5 practice trials (or less than a minute) to complete. The
experimenters ensured that participants did not move
their finger more during the grating trials than the
smooth trials.
Corticospinal excitability was tested with participants
comfortably seated in a recording chair and blindfolded.
Trials with the smooth and grating domes were presented in two separated blocks of 12 consecutive trials
in an order that alternated between participants to control for potential confounders due to variations in
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attention level, motivation and fatigue [9,17]. In the
grating trials, the two orthogonal orientations (across
and along) were presented in a pre-determined pseudorandom order with equal probability. In all trials (Figure
4a), TMS was set to trigger towards the end of the task
@ 1.5 s in the course of the 1.8 s trial. Pilot testing confirmed that participants were still sensing the grating
orientation (as judged by verbal reports) when TMS was
delivered at the 1.5 s delay. This delay thus provided an
optimal time point to examine task-related MEP facilitation, as participants were actively engaged in sensing for
grating orientation. Twelve trials of 1800 ms epochs
were recorded under each task condition.
Experiment II. Corticospinal excitability in the resting
hemisphere

In Experiment II, the same task paradigm as in Experiment I was repeated in the same group of participants
but this time TMS was applied on the motor cortex of
the hemisphere controlling the resting hand (Figure 4B).
This experiment allowed for investigation of interhemispheric modulation, as one hemisphere was actively
engaged in unimanual performance (i.e., smooth or grating trials) while the opposite hemisphere and opposite
hand were at rest. TMS was performed on each resting
hemisphere with half the participants being stimulated
first on the left (task hand: left) and then on the right
(task hand: right), while the other half were tested in the
reverse order (i.e., right hemisphere first).
Analysis of MEP data and background EMG

The details for the procedure for analysis of MEP data
and background EMG are given in Master & Tremblay
[9]. Briefly, MEP amplitude, latency, silent period (SP),
background EMG were measured off-line and averaged
to derive mean individual values. For the MVC, EMG signals produced during the last 2000 ms epoch of the MVC
were rectified and averaged. This mean rectified maximal
EMG value was then used to quantify and compare background EMG level (% MVC) produced during the finger
task in Experiment I and II. For this analysis, background
EMG levels produced during smooth and grating trials
were rectified and averaged using a 500 ms time window
preceding the TMS pulse (see Figure 1). Finally, the SP
duration was estimated as the interval from MEP onset
to the first sign of EMG return.
Statistical Analysis

MEP amplitudes were not normally distributed (Shapiro-Wilk p < 0.05) and so individual mean values were
transformed using the natural logarithm, as suggested
by Nielsen [54]. Following this transformation, MEP
amplitudes were normally distributed (Shapiro-Wilk p >
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0.1). In both Experiment I and II, repeated measures
ANOVAs were used to examine the effect of withinand between-subjects factors on each dependent variable. In Experiment I (task hand), the impact of trial
type (grating/smooth) and age group (young adults vs.
seniors) on the following dependant variables was examined: 1) MEP log-amplitude, 2) MEP latency, and 3) SP
duration. In Experiment II (resting hand), baseline was
entered into the ANOVA along with smooth and grating trials as repeated factors to contrast variations in
MEP amplitude across the three types of trials recorded
with the target hand at rest (baseline, smooth, grating).
In addition,"hand” was also entered as a repeated factor
to examine laterality effects (right vs. left). Age group
was the between-subjects factor. The dependent variables were MEP log-amplitude and MEP latency. In
both experiments, paired-sample t-tests were used to
test for differences on background EMG levels produced
between grating and smooth trials. Paired-sample t-tests
were also used to test for differences between MEPs
recorded in the subset of seniors at 10% of pinch grip
and MEPs recorded in these participants during the
grating and smooth trials in Experiment I. Performance
in the grating task was compared between age groups
using the Mann-Whithney U test for performance
values were strongly skewed to the left (skewness < -1.0)
owing to the low level of task difficulty. All tests were
performed using SPSS software version 17.0 for Windows® (Chicago, IL, USA). Figures were prepared using
GraphPad Prism version 5.02 for Windows (GraphPad
Software, San Diego California USA, http://www.graphpad.com). All values are reported as mean ± SEM.
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ABSTRACT
Contact force profiles deployed at the finger tip in the context of
tactile letter recognition were compared in young and older adults.
Older adults showed lower normal force and increased letter-toletter variability in normal force as compared to young adults.
This likely contributed to longer contact times and lower
performance accuracy in older adults, suggesting a central
contribution to the decline with age in tactile letter recognition.
KEYWORDS: experimentation, human factors, performance.
1

INTRODUCTION

One behavioural measure of the cortical control of manual
dexterity is the biomechanical variable of force output. Control of
grip force has been robustly shown to decrease with increasing
age, and in particular older adults consistently show more
variability in maintaining force output with visual feedback during
precision grips involving both static and dynamic contractions of
hand muscles [e.g., 1, 2]. This is likely a major contributor to the
observed decreases in manual dexterity with aging. In line with
these behavioural observations, neurophysiological investigations
have also revealed that aging is also associated with decreased
task-specific facilitation of corticospinal excitability during
precision hand actions [e.g., 3].
This work on control of force output during precision hand
actions has focussed on different types of grips. Tactile
exploration at the fingertip is another aspect of hand function
involving fine precision motor control. Contact force profiles have
not, however, been characterized in the context of this task. The
ability to resolve complex spatial patterns such as embossed
letters declines in parallel with fine motor control over precision
force output in aging [e.g., 4, 5]. The reduced ability for spatial
discrimination in older adults has been largely attributed to
reduction in cutaneous receptor populations in the glabrous skin
[e.g., 6, 7]. However, other alterations at the central level could
also play a role as pattern recognition often fails in older adults in
spite of a preserved spatial acuity [8]. Similarly, age related
differences in force control are likely due to alterations in both
peripheral mechanisms such as motor unit firing rate variability
[e.g., 9, 10], and central processes such as sensorimotor
processing [e.g., 1].
Thus in the present report, we sought to determine whether the
observed decline in tactile pattern recognition at the fingertip with
aging was associated with changes at the motor cortical level in
the active control exerted by individuals over both the normal and
tangential contact forces deployed at the fingertip. Contact force
strategies used by young and older adult observers were compared
when tactile exploration was performed over a force plate. As in
our previous study [8], we used the letter recognition task
developed by Johnson and colleagues [11, 12] to characterize
pattern recognition performance. Although our primary focus was
to examine age differences, we also looked at “hand”

3

as a potential co-factor influencing contact force profiles and
recognition performance.
2

MATERIALS AND 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 an
honorarium for his or her participation.
2.1
Participants
Nineteen community-dwelling, literate and healthy individuals
were recruited from the Ottawa area. The two groups of
participants consisted of 10 young adults (24 ± 2 years, 5 males),
and 9 seniors (70 ± 6 years, 5 males). Handedness was assessed
using the Edinburgh questionnaire and only 1/19 participants was
classified as a (weak) left-hander. Prior to the experimental
session, senior participants were specifically screened for
undiagnosed sensory neuropathy using a Rydel–Seiffer tuning
fork to estimate vibration extinction thresholds. Such vibration
thresholds have been shown to be valid and reliable markers of
peripheral nerve function in the extremities [13, 14]. The tuning
fork was applied to the dorsal aspect of the distal joint of the
dominant index finger [14, 15]. All seniors’ threshold values were
found to be within the limits of previously published norms for
their age [15].
2.2
Letter Recognition Task
The tactile stimuli consisted of 6 embossed capital letters (A, D,
F, G, S, and X; sans serif, Stewardson font) with 1-mm relief, 6mm height and 0.5-mm stroke width (Figure 1). The letters were
produced via a photo-etching process using flexible nylon plates
exposed to UV-rays . The 6 letter stimuli were selected on the
basis of our previous observations on letter recognition in young
and older adults [detailed in 4]. The rationale for this selection
was to ensure that recognition performance would be optimal
across the two groups of participants by limiting the number of
possible responses (from 26 down to 6). Limiting the number of
stimuli was necessary to improve consistency of performance in
older adults. Each testing session began with a period of
familiarization, wherein participants were invited to inspect each
of the 6 letters visually and tactually. They were asked to attend to
specific details of each letter (e.g., horizontal bars in “F”). Then
participants completed practice trials, receiving verbal feedback
on performance. Note that learning effects due to repeated
exposure to tactile letter stimuli are expected to be minimal (~4%
improvement in accuracy), as shown previously by VegaBermudez et al (1991). Once the individual was comfortable with
the task, testing began. For testing, participants were seated
comfortably on a chair in a quiet, dim room so that blindfolding
was not required to obscure the participants’ vision of the letters
(the letters were not visible in the dim room). In each trial, one of
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the 6 letters was presented in a predetermined random sequence.
Participants rested their hand on an armrest with the index
positioned near the top of the force plate. Each trial began when
the experimenter placed the letter to be scanned on the force plate,
and activated acquisition of force data using a custom software
(Stimo). The start of data acquisition was signaled by a short
auditory tone, and participants were instructed to start scanning
the letter with their finger once they heard the tone signaling them
to start scanning. Participants were instructed to scan the letter
with contour following using the tip of either the right or the left
index finger and to report its identity as quickly as possible by
speaking it aloud (e.g., “D”). The experimenter recorded the
participant’s response on the response sheet. Participants were
instructed to lift their finger as soon as they knew the answer, and
were encouraged to respond as quickly and as accurately as
possible, although no time constraint was imposed. No feedback
was provided on performance during the test trials. For testing,
each of the 6 letters was presented one time to each hand, for a
total of 6 trials/ hand. The order of testing with each hand was
counterbalanced in each age group so that half of the males and
half of the females started testing with the right hand, while the
other half started with the left hand.

and force (normal/tangential) as the within subjects measures.

A.

B.

2.3
Acquisition and Analysis of Contact Forces
Contact forces in the horizontal and normal planes (Fx, Fy, Fz)
were recorded for the duration of the scanning (sampling 200 Hz)
using an instrumented tactile force plate (range 0.01-5 N, 0.001 N
resolution). From contact force recordings, three measures were
derived: mean contact time derived by analysis of individual
trials, mean normal force (FN) obtained from averaging Fz values,
and mean resultant tangential force (1):

F tan = Fy 2 + Fx 2

C.

(1)

Contact time was measured as the window of time when contact
forces were detected on the force plate. The experimenter ensured
that the participant only contacted the force plate with the index
finger, that no other part of the hand was resting on the force plate
during testing, and that participants did lift their finger at the same
time as they reported their answer orally. The recognition
performance was determined for each participant by computing
for each hand the mean accuracy in terms of percentage correct
and the mean contact time. The presence of possible outliers,
which can be an issue especially for contact time measurements,
was verified with the Grubb’s test (available at
http://www.graphpad.com/quickcalcs/grubbs2.cfm). No outlier
was detected at an alpha of 0.05 in the two age groups for both
accuracy and contact time data. Contact times were entered into a
two-way repeated measures ANOVA with age group (youngadults/seniors) as the between-subjects factor, and hand (left/right)
as the within subjects measure. Force data were entered into a
three-way repeated measures ANOVA with age group (youngadults/seniors) as the between-subjects factor, and hand (left/right)
and force (normal/tangential) as the within subjects measures. The
letter-to-letter standard deviation of force was entered into a threeway repeated measures ANOVA with age group (youngadults/seniors) as the between-subjects factor, and hand (left/right)

Figure 1. A. Diagram showing the dimensions of the letters
used during the experiment (letter D). B. Mean normal and
tangential forces deployed. C. Mean letter-to-letter
variability (standard deviation) of forces
deployed by
young adults and seniors for letter recognition.

3

RESULTS

3.1
Task Performance: Accuracy and Contact Time
Young adult participants exhibited good accuracy (95 ± 7%) in
recognizing the letters by touch, which suggests that tactile
recognition was effective in the majority of cases. Seniors,
however, were largely outperformed by young adults (69 ± 24%).
As for recognition accuracy, the largest differences in contact
times were also found between age groups, while differences
attributable to hand were negligible. In fact, no main effect or
interactions were detected for the factor “hand” (F1,17=1.78,
p=0.20). There was a large effect of “age” (F1,17=88.98, p<0.0001,
partial eta2=84%, observed power=100%) on contact times,
seniors responding ~3x slower than young adults (mean, 14 ± 5s
vs. 4 ± 0.8s). It can be seen that, while seniors tended to display
larger inter-subject variability, they also tended to show much
longer contact times in comparison to young adults.
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3.2
Deployment of Contact Forces at the Fingertip
Multivariate tests revealed main effects of force (F1,17=57.56;
observed
Wilks’Lambda
p<0.0001,
partial
eta2=77%,
power=100%) and age group (F1,17=6.4; p=0.02, partial eta2=27%,
observed power=66%) on the amplitude of contact force deployed
at the index fingertip during the sensing and recognition of raised
letters by touch. This effect could be explained by the significant
interaction between the factors “force” and “age” group
(F1,17=47.83; Wilks’Lambda p<0.0001, partial eta2=74%,
observed power=100%). Younger adults deployed greater levels
of normal force at the fingertip during letter recognition than did
their older counterparts (Figure 2C). No significant main effect or
interactions with hand (p>0.2) were detected. Older adults also
showed a greater standard deviation of contact force deployed
between each of the six letters than younger adults, an effect that
was particularly pronounced for the normal force (F1,17=6.18;
p=0.02; Figure 2D). A secondary analysis was performed to test if
longer contact times were associated with lower normal forces
and increased variability of normal forces and tangential forces.
Spearman’s two-tailed correlations revealed that lower normal
forces were strongly and significantly associated with longer
response times (rho2= -0.49, p<0.0001), while force variability
(normal or tangential) was not (p>0.2).
4

DISCUSSION AND CONCLUSIONS

The present study provides strong evidence that seniors deploy
a more variable, lower level of normal contact force during the
recognition of raised letters by touch at the fingertip than young
adults. Conversely, the level of tangential force applied and its
variability was comparable between the two age groups.
Secondary analysis revealed that smaller perpendicular forces
were associated with slower letter detection while higher forces
were associated with faster detection. Reduced normal forces in
old age in the presence of equal tangential forces (across young
and old) means that the fingertip force vector directions were
different between young and old (i.e., directed further away from
normal for old adults). This would have led to less deformation at
the finger pulp and less efficient interaction with tactile receptors
in older adults. This type of difference in force output may
underlie age-related deficits in the ability to efficiently apply the
specific exploratory pattern spontaneously used by observers
identify raised letters by touch: contour exploration [16]. This
difference in effectiveness of exploration strategy could explain
why seniors took ~ 3x longer to identify letters and exhibited
much slower contact times than their younger counterparts.
Indeed, intrinsic hand muscles show disproportionate weakening
with age [17]. Further, older adults have been observed to show
increased variability of force output [18, 19]. This variability, in
combination with a decreased afferent sensitivity, may explain
their compensatory tendency to use higher perpendicular forces
for precision grips to increase the safety margin to prevent
slipping [18, 19]. However, the range of force used during
prehensile action and the mode of control is qualitatively different
than in haptic sensing, where movement and fingertip forces are
tuned to allow sensory acquisition as opposed to just automatic
adjustments to ensure grip stability. In the present study, older
adults may compensate for increased variability of perpendicular
force output by applying lower normal forces in order to maintain
a smooth contour exploration pattern (without too much friction
resulting in stopping and starting of the finger movement over the
letter due to too much normal force and not enough tangential
force) at the cost of decreased fingertip pulp deformation and
tactile receptor activation. Indeed, even in tactile exploration

studies, young adult observers tend to used consistent force
patterns within a limited range [20].
The present findings suggest that differences between the two
age groups at the level of central processing, in particular, motor
control, may explain the finding of longer contact times in seniors.
This difference in exploration strategy may also have contributed
to lower recognition accuracy. Indeed, control over the direction
of force output has been observed to hamper performance on fine
precision tasks involving the fingers in stroke patients as well
[21]. These observations of particular declines with aging in the
cortical control of precision hand movements are in line the idea
that such tasks are highly demanding in terms of recruitment of
voluntary motor areas. This has been demonstrated by findings of
enhanced corticospinal excitability using TMS during precision
grip versus power grip tasks [e.g., 22]. Along the same lines, fine
dynamic precision force control has been shown to result in
increased activation of the primary motor cortex even when very
low forces are generated, whereas static power grips requiring
high levels of force output activate this voluntary motor control
area far less [2, 23]. Anatomical findings that the level of
organization of spinal white matter in the lateral CS tract
decreased with aging in a manner correlated with decreases in grip
force control also support this idea [24]. Further, cortical
sensorimotor areas and frontal regions in humans lose both white
matter and gray matter between the ages of 20 and 50 [25].
Complementary evidence from neuroimaging of healthy young
and old rhesus macaques also showed an age-related loss in the
prefrontal areas and around the superior temporal sulcus [26].
These changes in brain structure likely contribute to both the
decreases in manual dexterity, and cutaneous sensation, observed
in healthy aging [4, 27-30].
The present results suggest that perhaps age-related declines in
performance on complex tactile recognition tasks may be
associated with changes in central motor control over forces
deployed at the fingertip during tactile exploration. Additionally,
recognition of 2-D patterns through contour exploration is taxing
in terms of working memory. Parts of the age-related difference in
response times could be ascribed to decline in tactile attention and
tactile working memory with age. Indeed, a reduced ability to
attend to tactile features may hamper sensorimotor control of
force production during tactile exploration that normally
optimizes the gathering of information regarding surface features
by touch [16, 31-33]. As evidenced by neuroimaging studies,
tactile pattern recognition at the fingertip relies on an extensive
cortical network involving primary and secondary motor and
sensory areas, as well as associative regions of the frontal and
parietal lobes [34-36]. These observations suggest that one factor
that could be responsible for the difference between age groups is
attentional demand. Older adults have been suggested to have
attentional deficits in comparison to younger adults in perceptual
motor tasks [37]. Indeed, the current findings are consistent with
findings demonstrating that older adults have decrements in
sensory attention processing [38]. Thus, the present findings
support the ideas that both age-related deficits in force control and
complex tactile processing are not exclusively due to peripheral
changes in musculature or afferent innervation, but may also be
mediated by central processes such as attention to the
sensorimotor guidance and control of fine finger movements.
5
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Abstract
This study examined tactile pattern recognition performance in human observers (N ¼ 44) in the context of a letter
recognition task at the fingertip. Participants were recruited from three different age groups (youth, n ¼ 17; young adults,
n ¼ 14; seniors, n ¼ 13) to examine age-related differences in performance. The influence of gender (males vs females) and
hand (right vs left) was also examined. Performance was characterized in terms of both response accuracy and associated
response times (RTs). Patterns of confusion between letters were also examined. Results showed that age was the most
important factor in determining the capacity of our participants to perform fast and accurate pattern recognition. In this
respect, younger participants (i.e., youth and young adults) clearly outperformed seniors by showing not only better accuracy
and less confusion but also 2–3 times faster RT. By comparison, the combined influence of ‘‘hand’’ and ‘‘gender’’ on
recognition performance was only marginal. These results indicate that the ability to perform complex tactile pattern
recognition is already well established in youth 10–14 years of age with only minor refinements occurring later in early
adulthood. With advancing age, such ability becomes far less efficient, as judged by the drastic increase in RT observed in
seniors, in spite of a relatively good accuracy. This suggests that alterations not only at the peripheral receptor level but also at
the central processing level might play an important role in limiting the ability of seniors to perform fast and efficient pattern
recognition at the fingertip.

Keywords: Tactile discrimination, pattern recognition, age, youth

Introduction
Humans are particularly skilled at discriminating
patterns and recognizing tactile forms at the fingertip, where dense populations of mechanoreceptors
afford great spatial resolution. For example, young
adults can easily resolve simple spatial details, such
as gaps or grooves, in the 1-mm range (Johnson and
Phillips 1981; Van Boven and Johnson 1994). The
discrimination of more complex tactile patterns,
such as those formed by Braille characters or
embossed Roman letters, is however more challenging for the common observer (Klatzky et al. 1987;
Lederman and Klatzky 1997). Such spatial discriminations rely on slow contour explorations to extract
specific features of the touched pattern to allow for
successful identification (Lederman and Klatzky

1993). This process is inherently slow and prone
to errors because any interference at the level of
peripheral encoding, in the transmission of the
spatial image, or in the processing of that image at
the central level may lead to a failure in recognition
(Loomis 1981, 1990). Yet, psychophysical studies
of tactile pattern recognition show that adult
observers are particularly good at identifying complex forms through active exploration with the
fingertip (Loomis 1990; Vega-Bermudez et al.
1991). Such observations indicate that at maturity
the human tactile perceptual system is highly
effective in processing spatial information arising
from the exploration of two-dimensional patterns.
Still, many questions remain as to how the ability to
perform fine spatial discrimination develops in
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Tactile pattern recognition with age
humans and how it is affected by the natural aging
process. Previous investigations in this regard have
produced a fairly wide range of observations using a
variety of spatial stimuli from the simple (e.g., edges
or gaps) to the more complex (e.g., character
recognition). From these investigations, it appears
that the ability to resolve simple spatial attributes,
such as gaps or edges, is largely achieved in children
by 6–8 years of age (Stevens and Patterson 1995;
Stevens and Choo 1996). Discrimination of more
complex forms, such as orientation of grooves in a
grating, however, is achieved only later and reaches
adult status only after 10 years of age (Bleyenheuft
et al. 2006). At the other end of the spectrum, the
deleterious effect of aging on tactile spatial acuity at
the fingertip has been well documented. In persons
over 60 years of age, even detection of simple gap
stimuli will sometimes require a two- to threefold
increase in spacing when compared to young adults
(Stevens and Choo 1996; Goldreich and Kanics
2003, 2006; Tremblay et al. 2005). Likewise, the
ability to resolve complex spatial patterns, such as
embossed letters, is also greatly reduced in healthy
aging, as we reported previously (Tremblay et al.
2003; Manning and Tremblay 2006). The reduced
ability for spatial discrimination in older adults has
been largely attributed to peripheral factors and
linked to histological evidence of age-related reductions in the number of mechanoreceptors in the
glabrous skin (Bruce 1980; Stevens and Patterson
1995; Tremblay et al. 2000). Although reduced
tactile innervation certainly contributes to poor
spatial discrimination performance in aging, other
alterations at the central level could also play a role,
as pattern recognition often fails in older adults in
spite of a preserved spatial acuity (Manning and
Tremblay 2006). Indeed, as evidenced by neuroimaging studies, tactile pattern recognition at the
fingertip relies on an extensive cortical network
involving primary and secondary motor and sensory
areas, as well as associative regions of the frontal
and parietal lobes (Van Boven et al. 2005; Burton
et al. 2006; Stilla et al. 2007).
Still, most of the observations on human tactile
pattern recognition have been derived from simple
performance indicators, such as response accuracy,
neglecting other important aspects of the performance, like time for recognition. Incorporating
additional performance indicators, besides accuracy,
could provide further insights as to the capacity of
human observers to perform efficient pattern recognition. In the present report, we sought to better
characterize the ability of human observers to
perform complex tactile pattern recognition at the
fingertip by looking at several performance indicators (accuracy, response time, and patterns of
errors) in three groups of participants recruited
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from different age groups, that is, youth, young
adults, and seniors. As in our previous study, we
used the letter recognition task developed by
Johnson and colleagues (Vega-Bermudez et al.
1991; Vega-Bermudez and Johnson 2002) to characterize pattern recognition performance. Although
our primary focus was to examine age differences,
we also looked at ‘‘hand’’ and ‘‘gender’’ as potential
co-factors influencing recognition performance.
While the evidence for strong asymmetries between
hands or between genders is rather weak in the
tactile modality (Voyer 1996; Hiscock et al. 1999),
more recent work (Goldreich and Kanics 2003,
2006) suggests that gender might be a factor to
account for, especially where fine spatial discrimination at the fingertip is concerned. The present
results have been presented in abstract form
(Master et al. 2009).
Material and methods
Participants
Forty-four community-dwelling, literate, and healthy
individuals (22 females, 22 males) were recruited
from the Ottawa area. The three groups of participants consisted of 17 youth (mean  SD, 12  1 year,
7 males), 14 young adults (23  2 years, 7 males),
and 13 seniors (62  4 years, 8 males). Handedness
was assessed using the Edinburgh questionnaire and
only 4/44 participants were classified as strong
left-handers. Prior to the experimental session, participants completed a questionnaire to ensure that
there were no medical conditions likely to affect their
performance in the test. Senior participants were also
specifically screened for undiagnosed sensory neuropathy using a Rydel–Seiffer tuning fork to estimate
vibration extinction thresholds. Such vibration
thresholds have been shown to be valid and reliable
markers of peripheral nerve function in the extremities (Kastenbauer et al. 2004; Pestronk et al. 2004).
The tuning fork was applied to the dorsal aspect of
the distal interphalangeal joint of the dominant index
finger (Martina et al. 1998; Pestronk et al. 2004). All
seniors’ threshold values were found to be within the
limits of previously published norms for their age
(Martina et al. 1998). In addition, tactile spatial
acuity thresholds could be obtained from 7/13
seniors1 using the JVP domesTM and the grating
orientation discrimination task (see Manning and
Tremblay 2006 for details). In this subgroup of
seniors, spatial acuity was relatively well preserved
with threshold values ranging from 2.1 to 1.0 mm
and a mean threshold of 1.4  0.4 mm. The
Institutional Review Ethics Board approved the
study procedure in accordance with the principles
of the Declaration of Helsinki and informed consent
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raised into the aperture using a spring-lever system.
Depressing the letter with minimal contact force
(threshold 0.1 N) triggered data acquisition.
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Letter recognition task

Figure 1. Experimental set-up used to assess tactile
pattern recognition. (A) Diagram showing the dimensions
of the letters used during the experiment (letter D).
(B) Top view of the tactile stimulator, showing the aperture
where each letter was presented to the fingertip.
(C) Experimental set-up showing a participant performing
the letter recognition task.

was obtained before the experimental session. All
assessments were performed in a controlled laboratory environment. Each participant received an
honorarium for his or her participation.
Letter stimuli
The tactile stimuli consisted of ten embossed capital
letters (D, E, G, K, L, P, S, T, V, and Z; sans serif,
Stewardson font) with 1-mm relief, 6-mm height, and
0.5-mm stroke width (Figure 1A). The letters were
produced via a photo-etching process using flexible
nylon plates exposed to UV-rays (detailed in Manning
and Tremblay 2006). The ten letter stimuli were
selected on the basis of our previous observations on
letter recognition in young and older adults (Manning
and Tremblay 2006). The rationale for this selection
was to ensure that recognition performance would be
optimal across the three groups of participants by
limiting the number of possible responses (from 26
down to 10) and using only letters with high legibility
(485% accuracy) and low confusion rates. For testing, a tactile stimulator (Figure 1B, C) was built to
automate the letter presentation and control the
sequence of events. The tactile stimulator consisted
of a metal enclosure (10 cm3) concealing a series of
28 individual pegs (1-cm diameter), which could be
rotated using a stepped motor. Each letter was glued
on top of a peg and rotation of the stepped motor
positioned the letter for presentation to the finger via a
small circular aperture made at the top of the metal
enclosure (Figure 1B). Once in position, the letter was

For testing, participants were seated comfortably on
a chair in a dim, quiet room, wearing a headset with
a small microphone (Figure 1C). The tactile stimulator was affixed to the chair on the side being tested.
Each testing session began with a period of familiarization, wherein participants were invited to inspect
each of the ten letters visually and tactually. They
were asked to attend to specific details of each letter
(e.g., horizontal bars in ‘‘E’’). Then participants
completed practice trials, receiving verbal feedback
on performance. Once the individual was comfortable with the task, testing began. In each trial, one of
the ten letters was presented in a predetermined
random sequence. Participants rested their hand over
the tactile stimulator with the index positioned near
the aperture at the top. Each trial began when the
tactile stimulator was activated to move the selected
letter into position. Once in position the letter rose
into the aperture and an auditory cue was emitted
into the headphones, signalling the participant to
start scanning. Participants were instructed to scan
the letter with the tip of their index and to report its
identity as quickly as possible by speaking it aloud in
the microphone (e.g., ‘‘D’’). By default the computer
registered the letter just presented as the response.
When errors were made, the experimenter entered
the participant’s response manually into the database. The computer also automatically recorded the
response time (RT) as the time (in ms) from initial
contact with the letter to the verbal response
recorded by the microphone (11-kHz recording
sampling rate, sensitivity level adjusted for each
participant). Participants were encouraged to
respond as quickly and as accurately as possible
and, although no time constraint was imposed, trials
were automatically aborted if no response had been
made after 60 s. This occurred in 55% of the trials
and was observed only in seniors. Aborted trials were
simply repeated at the end of the testing block. No
feedback was provided on performance during the
test trials. Each of the ten letters was presented
3 times to each hand, for a total of 30 trials/hand.
The order of testing with each hand was counterbalanced in each age group so that half of the males
and half of the females started testing with the right
hand, while the other half started with the left hand.
Note that learning effects due to repeated exposure
to tactile letter stimuli are expected to be minimal
(4% improvement in accuracy), as shown previously by Vega-Bermudez et al. (1991).
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Table I. Performance accuracy in tactile letter recognition (mean % correct  SD).
Female

Age groupa
Youth (n = 17)
Young adults (n = 14)
Seniors (n = 13)
Overall

Male

Left hand

Right hand

Mean

Left hand

Right hand

Mean

Overall

94.0  12.6
98.6  3.8
78.0  14.8
91.8  13.3

88.0  14.8
94.3  7.9
76.0  13.4
87.3  13.9

91.0  13.7
96.4  6.3
77.0  13.4
89.5  13.6

97.1  7.6
84.3  16.2
83.8  11.9
88.2  13.3

90.0  11.5
87.1  13.8
77.5  17.5
84.5  15.0

93.6  10.1
85.7  14.5
80.6  14.8
86.4  14.2

92.1  12.3
91.1  12.3
79.2  14.1

a

Significant main effect (F2,38 = 8.03, p = 0.001).
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Statistical analysis
The recognition performance was determined for
each participant by computing for each hand the
mean accuracy in terms of percentage correct and the
mean RT. The presence of possible outliers, which
can be an issue especially for RT measurements, was
verified with the Grubb’s test (available at http://
www.graphpad.com/quickcalcs/grubbs2.cfm).
No
outlier was detected at an alpha of 0.05 in the three
age groups for both accuracy and RT data. Each
participant’s performance was also scrutinized to
derive patterns of confusion by determining the
number of times each letter stimulus elicited a given
response (e.g., how often ‘‘G’’ was called ‘‘S’’ and
vice versa). Performance data (accuracy and RT)
were entered into three-way repeated measures
ANOVAs with age group (youth/young adults/
seniors) and gender as between-subjects factors,
and hand (left/right) as the within-subjects measure.
Upon detection of a significant main effect, post hoc
comparisons were performed using the Bonferonni
procedure. The significance level was set at p50.05
for all tests. All tests were performed using SPSS
software version 17.0 for WindowsÕ (Chicago, IL,
USA). Figures were prepared using GraphPad Prism
version 5.02 for Windows (GraphPad Software,
San Diego, CA, USA, www.graphpad.com).
Results
Recognition accuracy
The mean accuracy computed from each hand with
participants sorted by gender is shown in Table I.
From inspection of Table I, it can be seen that, in
general, participants exhibited good accuracy in
recognizing the letters by touch, which suggests
that tactile recognition was effective in the majority of
cases. Closer inspection of Table I also reveals that
differences between hands or between genders were
only marginal, when compared to differences attributable to age. In fact, in spite of their relatively good
accuracy, seniors were largely outperformed by youth
and young adults. This age difference was confirmed

by the ANOVA, with age accounting for almost onethird of the total variance in recognition accuracy
(F2,38 ¼ 8.03, p ¼ 0.001). In contrast, no significant
main effects or interactions were found for the
‘‘hand’’ (F1,38 =2.1, p ¼ 0.15) or ‘‘gender’’
(F1,38 ¼ 0.26, p ¼ 0.61) co-factors. Post hoc
Bonferonni comparisons confirmed that the differences observed between the two younger groups
(youth and young adults) and the seniors were highly
significant (youth, p ¼ 0.002; young adults,
p ¼ 0.008).
Response time
Table II shows the mean RTs measured from the
right and left hands of male and female participants
of each age group. As for recognition accuracy, the
largest differences were found between age groups,
while differences attributable to hand and gender
were comparatively smaller in size. In fact, no main
effect or interactions were detected for the factor
‘‘hand’’ (F1,38 ¼ 1.2, p ¼ 0.28), while ‘‘gender’’ did
approach significance (F1,38 ¼ 3.78, p ¼ 0.06). The
latter effect reflected the fact that women tended to
produce faster RTs than men. The large effect of
‘‘age’’ (F2,38 ¼ 14.7, p50.001) on RTs can be further
appreciated in Figure 2, which shows the distribution
of individual responses in the three age groups, with
the data collapsed across hands. It can be seen that,
while seniors tended to display larger inter-subject
variability, they also tended to show much longer
RTs in comparison to either youth or young adults.
These differences between groups were highly significant (youth and young adults vs seniors,
p50.001, Bonferroni post-test comparisons).
Confusion patterns
The observed age difference in terms of accuracy
and RT was also reflected in the analysis of confusion
patterns. As shown in Table III, with the exception
of male participants in the younger groups, only
seniors exhibited consistent confusion patterns
(i.e., pairs of letters confused in 420% of trials).
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Table II. Response times for tactile letter recognition (mean  SD in seconds).
Female

Age groupa
Youth (n = 17)
Young adults (n = 14)
Seniors (n = 13)
Overall

Male

Left hand

Right hand

Mean

Left hand

Right hand

Mean

Overall

5.0  1.0
2.2  1.1
12.1  12.4
5.7  6.6

6.3  2.2
2.6  1.6
10.0  6.8
6.0  4.4

5.6  1.8
2.4  1.3
11.1  9.5
5.8  5.6

6.1  3.0
5.0  2.9
15.0  8.3
9.0  7.1

5.7  1.8
5.7  2.5
18.6  9.5
10.4  8.6

5.9  2.4
5.4  2.6
16.8  8.8
9.7  7.8

5.8  2.0
3.9  2.5
14.6  9.3

a
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Significant main effect (F2,38 = 14.7, p50.001).

Interestingly, the confusion pairs in the younger
groups were restricted to letters sharing isomorphic
features like ‘‘K’’ and ‘‘Z’’, whereas confusions in
seniors involved both isomorphic and non-isomorphic letters (e.g., K and P). In fact, the analysis
revealed that letters containing curvilinear elements
were mistaken just as frequently as letters containing
internal horizontal elements (e.g., G, see Table III).
Correlations between accuracy and response time
in seniors

Figure 2. Distribution of individual response times (RTs)
measured in the three age groups for the tactile letter
recognition task. RT data have been collapsed across the
two hands to improve clarity. Note the large increase in
RTs in the group of seniors (n = 13) relative to either youth
(n = 17) or young adults (n = 14). The differences between
groups were highly significant (p50.001, Bonferonni
post-test comparisons).

Table III. Pairs of letters frequently confused by participants.

Confusion
pairsa
E

 K
!

Youth

Young adults

Male

Male

–

14

Seniors
Female

Male

–

–

 7
!

As reported above, the performance of seniors
tended to be more variable than in the other
groups, participants showing various levels of accuracy associated with large variations in RTs. To
further examine this issue, a Pearson’s correlation
was performed to look for a possible association
between recognition accuracy and RT in seniors.
The association between spatial acuity and recognition performance data was also examined with
Pearson’s correlation. For these analyses, observations from the two hands were collapsed to derive a
mean value for each participant. The first correlation
revealed that accuracy levels were largely independent of RTs (r ¼ 0.1, p ¼ 0.77, n ¼ 13), so that slow
RTs were not necessarily associated with a lower
accuracy, the converse being also true. Similarly, in
the seven seniors whose spatial acuity was determined (see ‘‘Methods’’), accuracy and RT did not
significantly correlate with resolution thresholds
(r50.20, p40.65).

E !
 S

–

14 !
 14

–

–

K !
 G

–

–

–

31 !
 0

K !
 P

–

–

10 !
 20

–

Discussion

K !
 Z

0 !
 21

–

20 !
 10

–

–

–

20

In the present study, we sought to better characterize
the ability of human observers to recognize complex
tactile patterns, such as raised Roman letters, at the
fingertip. We measured not only recognition accuracy but also the time to recognition, and assessed
patterns of confusion. While our primary focus was
to look for differences with age, we also examined
how the performance would vary between the two
hands and between men and women. Our results

S
a

 Z
!

 10
!

9

 13
!

Each entry represents pairs of letters that were mistaken for each
other more often than would be expected by chance (i.e., letter
pairs with confusion rates420%). Each value represents the
percentage of trials in which one letter in the confusion pair was
mistaken for the other, and vice versa. For instance, in seniors,
‘‘S’’ was mistaken for ‘‘Z’’ in 20% of the trials, whereas ‘‘Z’’ was
mistaken for ‘‘S’’ in 10% of the trials.
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showed that age was by far the most important factor
in determining the capacity of our participants to
perform efficient pattern recognition. By comparison, no laterality effect with regard to right vs left
differences in performance was found. Similarly,
only marginal differences were found between men
and women. In the following paragraphs, we will
discuss the significance of each of these factors for
human pattern recognition performance.
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Age differences
Unsurprisingly, amongst the three factors examined
in the present study, only age proved to be a
determinant influencing tactile pattern recognition.
In characterizing the performance of seniors, we
found that not only did they make more mistakes in
identifying the letters, but they also exhibited much
slower responses than their younger counterparts.
Relatively speaking, this difference in RTs largely
outweighed the differences observed in recognition
accuracy. In fact, senior participants, while being
slow to respond, still managed to perform with a
relatively good level of accuracy (see Table I). Yet,
the time to reach recognition was delayed by as much
as 20 s in some senior participants. Which factors
could have contributed to produce such delays in
tactile recognition? One obvious source of slowing
could be linked with the sensing aspect of the task,
seniors being less capable of extracting information
from tactile exploration owing to the expected
decline in manual dexterity and tactile sensibility
with age (Stevens and Patterson 1995; Stevens and
Choo 1996; Tremblay et al. 2000, 2003). While we
cannot totally exclude this possibility, we would like
to argue that such factors probably played only a
minor role in delaying RTs in seniors. First, it would
seem rather counter-intuitive to think that a group of
carefully screened seniors with a mean age of 62
years would exhibit such a deficit in sensibility that
their ability to extract information from active touch
would be almost completely obliterated (hence, the
prolonged RTs). The fact that our group of seniors
was relatively young, showed normal sensitivity to
vibration and, for about half of them, also showed
good spatial acuity at the fingertip, makes such an
interpretation highly unlikely. Second, the patterns of
confusion exhibited by seniors did not fit with the
asymmetries one would predict on the basis of faulty
peripheral encoding. Pattern recognition is known to
rely primarily on the spatial encoding properties
exhibited by slowly adapting type I afferents (SAI)
supplying the distal finger pad (Johnson 2001).
While SAI afferents have been shown to convey a
faithful spatial image of touched patterns (Phillips
et al. 1988), certain spatial details, such as horizontal
elements (e.g., bars in the letter E) tend to be less
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accurately represented in the neural discharge
(Vega-Bermudez et al. 1991). These properties
explain why certain pairs of letters tend to be
confused more than others and why certain confusion asymmetries arise (e.g., B is often mistaken for
D, but not the reverse). Following this line of
reasoning, in the context of our task one would
have predicted more confusion between pairs like
‘‘D and G’’ or ‘‘E and K’’. However, such
asymmetries were observed only in younger participants, seniors exhibiting variable and unexpected
patterns, like confusing ‘‘K and G’’ (see Table III).
At this point, it is worth emphasizing that the letter
stimuli used in the present study consisted of highly
legible characters whose dimensions (6-mm high)
largely exceeded the limit of spatial resolution in
human observers, even for aged participants. The
size issue is critical given that cutaneous spatial
resolution becomes less critical in limiting effective
recognition as the size of the patterns increases to
become more legible, as suggested by Loomis
(1990). Accordingly, for patterns of highly legible
dimensions, such as the letters used here, central
factors become far more important than peripheral
factors for effective recognition. Interestingly, this is
actually what we observed in our subset of seniors
tested for spatial acuity, where resolution thresholds
were only poorly related to recognition performance
(i.e., accuracy and RT). Thus, all the preceding
observations concur to suggest that the limiting
factor in affecting the performance of seniors was
not in sensing the pattern per se, but in processing
tactile information centrally to attain perceptual
recognition. In this regard, our interpretation
would be in line with that of Legge et al. (2008),
who also recently invoked central factors in trying to
explain why blind individuals retained good tactile
spatial acuity, even at advancing age. These authors
dismissed peripheral factors on the basis of observations showing that physical changes affecting the
fingertip with age (e.g., skin’s pliability, reduced
blood flow, wear and tear) could not account for
differences in spatial acuity in older persons (Stevens
et al. 2003; Vega-Bermudez and Johnson 2004). The
same arguments can be applied here for the observed
increase in RTs in seniors.
Which central factors then might have contributed
to prolong RTs in seniors? As stated before, discrimination of 2-D patterns is an inherently difficult
process that occurs over time and space, taxing
attentional resources and loading working memory
(Lederman and Klatzky 1997). In the face of such
task demands, it is easy to see why older persons
could be particularly challenged cognitively. We
propose that the exceedingly prolonged RTs exhibited by some seniors could actually reflect a delayed
central processing time due to slower integration of
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incoming spatiotemporal information as the pattern
was explored tactually. Such an interpretation would
be consistent with recent advances in the field of
cognitive aging showing that with age, the early
stages of sensory processing are often affected by the
tendency of older adults to display excessive attention towards irrelevant stimuli, neglecting more
critical relevant stimuli (Valeriani et al. 2003;
Gazzaley et al. 2005; Gazzaley and D’Esposito
2007). One can easily conceive that during letter
scanning excessive attention towards some spatial
details such as the curve in the letter ‘‘P’’, could have
affected the capacity of some seniors to produce fast
responses, and in some other cases, to mistaken
identity and incorrect responses. In the same vein,
the unexpected confusion patterns displayed by
certain seniors could have reflected a failure of
perceptual integration mechanisms, leading subjects
to simply try their ‘‘best guess’’ as to the letter’s
identity.
With regards to the groups of young participants,
the results showed that, on average, youth and young
adults had comparable performance both in terms of
accuracy and in terms of RTs. These results are in
agreement with the observations of Bleyenheuft et al.
(2006) on children’s ability after age 10 to perform
simple discriminations of spatial orientation. The
present observations now extend these youth’s
capacities to the resolution of complex spatial
patterns, like raised letters. Still, youth tended to
display slightly longer RTs than young adults, which
may indicate that bottom-up and top-down processes
involved in tactile recognition might not be fully
optimal until one reaches early adulthood.
Gender and hand differences
In the present study, we found that pattern recognition at the fingertip was little affected by the hand
used for exploration or by the sex of the participants.
As stated earlier, the absence of a strong ‘‘hand’’
effect could be predicted on the basis of previous
observations demonstrating equivalence between the
two hands in terms of spatial discrimination capacity
(Sathian and Zangaladze 1998; Vega-Bermudez and
Johnson 2002). The present observations thus provide further evidence against the existence of any
strong right–left asymmetry in the tactile domain.
With regards to gender effects, although we could
not find significant main effects or interactions we
did notice a trend towards a difference between
males and females for variations in RTs. This trend
reflected the tendency of females, particularly in the
young adult group and in the senior group, to
respond faster than their male counterparts. While
marginally significant, the observation that young
and elderly women tended to be faster at pattern

recognition than men is in line with recent evidence
suggesting a better spatial discrimination in females
(Goldreich and Kanics 2003, 2006). However, as
suggested very recently by Peters et al. (2009), the
finer spatial acuity exhibited by women may simply
reflect differences in finger size, as individuals with
smaller fingers tend to exhibit higher spatial acuity
than individuals with large fingers, irrespective of
gender. On this account, one would have predicted
better recognition performance in youth than in the
other two groups, but this was not the case. Such an
observation provides further support for our earlier
suggestion about the relative importance of central
factors over peripheral factors in explaining the
observed age differences in pattern recognition
performance at the fingertip.
In conclusion, the present study shows that the
ability to perceive complex tactile patterns at the
fingertip is already well established in youth 10–14
years of age. With maturation, this ability only refines
to become optimal in young adulthood, presumably
reflecting a more efficient central processing of tactile
spatial information. With advancing age, tactile
pattern recognition becomes less efficient with
lower accuracy and substantial increases in RT.
While this decline could be interpreted as an alteration in peripheral sensing ability with age, we would
like to suggest that in healthy seniors with preserved
hand sensibility, central factors and perceptual integration might actually play a greater role in limiting
the ability of older persons to perform fast and
efficient pattern recognition by touch.
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Note
1. Testing for spatial acuity could be performed only in a subset
of senior participants due to time constraints and participants’
availability.
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CHAPTER III. GENERAL DISCUSSION AND CONCLUSION
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The works presented in this thesis are the first to highlight the importance of haptic attention
for corticomotor facilitation. These works provide strong evidence supporting the role of central
factors in contributing to aging effects on motor and perceptual aspects of haptic sensing
abilities. In particular, the present observations indicate that with age there is a change in contact
force deployment and patterns of confusion, in addition to a substantial reduction in response
times during haptic letter recognition. However, it is shown that older adults retain a capacity to
elicit haptic-related corticomotor facilitation when attentional demand and stimuli are adjusted
for age. Thus, limits with age on fast and efficient haptic pattern recognition may not be due
exclusively to peripheral changes in afferent innervation or musculature, but rather mediated by
central processes such as attention to sensorimotor guidance of fine finger movements.
A central origin for age differences suggests such declines may be amenable to interventions
enhancing neuro-plasticity such as age-tailored haptic sensing tasks. Specifically, Experiments
III-VI reveal that task difficulty with regards to attentional demand is a critical consideration
when designing interventions destined to improve hand function in older adults with neurological
impairments. The results of Experiment IV in particular provide a physiological basis for
rehabilitation specialists to develop better task-related intervention strategies recruiting bilateral
frontal, parietal and occipital multisensory brain regions preferentially to facilitate finger
movements. For instance, simple haptic sensing may incorporated into hand retraining for stroke
to facilitate corticospinal drive to the paretic hand. Alternatively, more demanding haptic sensing
tasks could be prescribed for the less affected hand to elicit bilateral corticomotor facilitation,
promoting recovery of the affected hand. Indeed, task performance in rehabilitation can affect
excitability and plasticity even more than drugs while having only mild, temporary side-effects if
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any [31]. The use of complementary inter-disciplinary techniques adds strength to the
conclusions drawn and richness to the research landscape to which this thesis contributes.
In addition to the strengths described above, there are also several limitations of the present
works. Firstly, the results of Experiments III-VI are based on a relatively small sample of selfselected healthy, active and social seniors, those who would be interested, able and motivated to
come to the lab for testing, which might not be representative of the elderly population in
general. Additionally, participants were further screened for intact peripheral sensation at the
fingertips with the vibration detection test (all Experiments I-VI), safety for application of TMS
(Experiments I-IV) and health of the hands (Experiments V-VI) once at the lab (see APPENDIX
A. TESTS FOR VIBRATION DETECTION AND TACTILE ACUITY and APPENDIX B.
HEALTH QUESTIONNAIRES). Lastly, the vast majority of all participants in Experiments I-VI
were right-handed, and effects of handedness were not investigated. Thus the observed
variability may be an underestimate of the true variability in young adults and in healthy aging,
and future work should address these issues. Indeed, recent findings have shown that
corticomotor facilitation during haptic sensing is modulated differently in right and left-handers,
with left-handers showing less reliable haptic-related corticomotor facilitation than right-handers,
in both the preferred and less preferred hand [159].
Further, it is important to note that the somatosensory system is generally more tuned to 3D
object perception than to 2-D pattern discriminations of the type used in Experiments I-IV [160162]. Enhanced corticospinal excitability may thus be expected when observers discriminate 3D
objects vs. 2D lined patterns, and this comparison would be an interesting and functionally
relevant avenue for future study. Further studies are also needed to pinpoint the neural
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mechanisms underlying the extra facilitation with haptic sensing reported in Experiments I-IV,
especially with regards to the role of changes in intra-cortical inhibition. Further to the clinical
application of the present findings, the effectiveness of various haptic sensing tasks must be
tested in the rehabilitative setting.
Another interesting avenue for future studies is the investigation of multisensory interactions,
i.e. to examine how the combination of visual or auditory inputs with haptic touch could enhance
perceptual performance. There is evidence that such combinations can lead to enhanced tactile
acuity [163, 164]. This could be particularly interesting in the context of aging. We are currently
investigating multisensory interactions to see if combining visual, auditory and touch inputs
could lead to further enhancement in corticomotor facilitation and also improved discrimination
performance in seniors [167].
In conclusion, the present work provides a unique contribution to the field of human haptic
touch in showing that adding a haptic sensing component to a simple, minimally demanding
finger movement can reliably elicit large enhancements in corticospinal excitability in the
sensing hand and in the “resting” hand. Further, this haptic-related corticomotor facilitation can
be elicited to the same extent in older adults when attentional demand and stimuli are adjusted
for age. Finally, the present findings provide strong support for a central, top-down origin for
age-related declines in motor and perceptual aspects of haptic sensing abilities. Taken together,
this work highlights the importance of using task-related rehabilitation strategies to enhance
neuro-plasticity at the central level in older adults, and argues against the idea that deficits in
haptic sensing with age are primarily a result of irreversible sensory and motor nerve damage at
the periphery.
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