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Introduction

Healthy aging is associated with a progressive loss of function of multiple systems [1] associated 
with sensory functions [2,3], with dexterity [4], muscle strength (Dynapenia), hand function and a 
reduction in motor control performance [5,6]. Grip strength is a clinical marker of mobility and a 
strong predictor of physical function [7,8], of frailty [9] and it can be used as a universal marker of 
aging [10]. Lower handgrip strength values measured predict an accelerated decline in Activities of 
Daily Living (ADL), in cognition [11] and even mortality [12,13].

Functional abilities depend on anatomical integrity, muscle strength, and dexterity and are 
influenced by age, gender and mental state. Hand function can be evaluated by simulating the 
activities of daily living [14,15]. Thus, movement coordination is not only related to strength and 
dexterity but is also essential for functionality [16]. In particular, the decline in hand function has 
been attributed to peripheral changes, such as sarcopenia and a progressive loss of motor cortical 
neurons, followed by proximal axonal degeneration with reduced density of dendritic spines of 
pyramidal neurons in the motor cortex, prefrontal cortex, and superior temporal cortex [17], a 
reduction in the number of synapses in the cerebral cortex [18] and a reduction in cortical and 
spinal excitability by reducing the size and number of motor units [19]. All of these changes are 
associated with a decrease in gray matter volume [20] and changes in the structure of the white 
matter, resulting in significant quantitative and qualitative changes in cerebral structures related to 
the motor system [21].

Salat et al., [22] analyzed Magnetic Resonance Images (MRI) from 106 non-demented individuals 
with ages ranging from 18 to 93 years revealed that cortical thinning began at middle age in areas 
near the primary motor cortex (e.g., the precentral gyrus) demonstrating prominent atrophy.
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Abstract

Objectives: This study aims to investigate the relationship between cortical thickness and manual motor 
performance in a sample of healthy elders from a large urban cohort. 

Experimental design: we examined the correlation between cortical thickness, dexterity and handgrip 
considering age, sex, and education in a population-based sample of 303 right-handed older adults. Cortical 
thickness was measured using surface-based morphometry implemented in Free surfer software. 

Main points: Significant positive FDR-corrected correlations (p<0.05) were observed between right hand 
dexterity and left cortical thickness in the insula, postcentral, superior parietal and superior frontal gyrus. Moreover, 
significant positive correlations were observed between right hand dexterity and right cortical thickness in the 
inferior parietal gyrus, precuneus, superior frontal, precentral, superior temporal and insula. The dexterity of the 
left hand showed no significant association with cortical thickness, and no significant association was observed 
between the right or left handgrip and right or left cortical thickness. No significant effects of sex or education 
were observed. 

Conclusion: Differences in hand dexterity contribute to differences in brain thickness even at the later 
stages of life, suggesting that motor skill could be a protecting factor for cortical thinning during the aging process.
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Nonetheless, many studies have shown that changes associated 
with aging are heterogeneous, regional and involve pre-motor 
regions such as superior and medial frontal areas, even more than 
primary motor or sensory regions [23,24]. Additionally, Bonilha 
et al., [25] investigated whether age-related volume loss affects the 
hand areas asymmetrically and showed greater decreases in specific 
areas of gray matter in older adults corresponding to the non-
dominant hemisphere, suggesting that disuse leads to atrophy in the 
right hemisphere. However, those authors have not used individual 
measures of handgrip strength or dexterity in relation to handedness 
assessment. Then a study that consider just elderly being investigated 
should be enlightening.

Additional MRI images have suggested that positive structural 
and functional changes in the brain occur not only during the stage 
of development but also in senescence [26]. These modifications 
indicate that learning new abilities induces cortical plasticity in 
adults and elders, involving changes in the synaptic strength [27-
32]. Although these studies reinforce the concept that training 
can increase neurogenesis, synaptic plasticity and learning and 
all these factors have provided evidence of improve sensorimotor 
performance and cognition for the elderly, there is a need to know 
whether these structural changes, in particular, on thickness are 
temporary or not and if these changes can be maintained without 
training. The effectiveness of plasticity changes throughout life. There 
are many variables, which depend on genetic factors, environmental 
factors and their interaction resulting in a complex scenario [33]. The 
increase in gray matter is detectable during the constant training of 
visual motor skills, and it recedes when the activity stops. According 
to Driemeyer and collaborators [34], it is not known whether learning 
a new skill or exercising this skill is more important for functional 
and structural change of the brain.

In 2002, Cabeza suggested that age-related neurofunctional 
changes are characterized by a significant reduction in the functional 
hemispheric lateralization in the prefrontal cortex-HAROLD model 
[35]. In contrast, the CRUNCH (compensation-related utilization 
of neural circuits hypothesis) model suggested that elderly subjects 
recruit additional brain regions that do not necessarily belong to the 
contralateral hemisphere as much as they rely on additional strategies 
to solve cognitive problems [21,36,37]. Evidence of both hemisphere 
engaged during unilateral performance have produced mixed results. 
Whether handgrip and dexterity influence ipsilateral or contralateral 
cortical thickness in older adults has not been investigated.

Evidence of brain plasticity in the hippocampus of adult mice 
exposed to an environment rich in stimuli Kempermann, et al., [38,39] 
have described a basis for the changes observed in humans. However, 
the direct mechanistic relationship with the previously mentioned 
MRI studies cannot be assumed due to confounding factors including 
differences in “enriched environment” through human life as well as 
in cortical organization. At the same way, to verify if skills acquired 
during life, such as manual dexterity and handgrip strength are 
correlated with cortical thickness, we investigated in a group of 
303 healthy older adults, the correlation between manual motor 
performance (handgrip strength, dexterity) and cortical thickness 
in all brain and in particular in areas related to manual function 
(gyro-pre-central) and the bilateral medial temporal sulcus and left 
posterior parietal [29]. We predicted that cortical thickness of those 
areas is positively associated with motor performance.

Methods
Participants

This study is based on participants from the SABE study (Health, 
Wellbeing and Ageing, 2010), a population-based cohort study in 
Sao Paulo (Brazil) that is aimed at investigating the determinants 
of health among elderly persons. The original study pop-ulation 
(n=1480) consisted of individuals 60 years of age and older, of which 
576 indi-viduals took part in a neuroimaging and study. In this paper, 
we selected 303 participants from the neuroimaging subsample using 
the following inclusion criteria: primarily right-handed participants 
according to the Edinburgh Handedness Inventory [40]; normal 
MRI radiological examination; and able to understand all the tests 
and to complete manual motor performance tests. All participants 
completed socio-demographic questionnaires, expanded mini-
mental and were evaluated for the presence of depressive symptoms 
using SRQ-20 and the Beck Depression Scale [41,42]. This study 
was approved by the Ethics Committee from the University of São 
Paulo and Hospital Israelita Albert Einstein. All participants signed a 
written Informed Consent Form (ICF) to participate in all phases of 
the experiment and they have not received a financial compensation 
for their participation. 

Manual motor tasks

Manual motor performance was measured by manual dexterity 
and grip force. These tests included the Purdue Pegboard test, a 
test of manual dexterity (Lafayette Instrument Company) and 
handgrip strength (Jamar hand dynamometer). The pegboard test 
was administered under several conditions. All trials lasted for 30 
s and were completed three times. The number of pegs (unimanual 
condition) and the number of pairs of pegs (bimanual condition) 
were recorded. In the unimanual condition, participants placed one 
peg at a time into a row of small holes. In the bimanual condition, 
both hands were used simultaneously to put pegs into parallel rows 
of holes. The average of the trials was considered. Grip strength was 
measured using a hand dynamometer and the participants were 
asked to squeeze with maximal force and the highest value among the 
three trials was considered.

MRI data

All participants were scanned using a Siemens 3.0T Magnetom 
Tim Trio System. MPRAGE T1-weighted images were obtained using 
a 32Ch head coil with the following parameters: isotropic 1mm voxels, 
TR: 2500ms, TE: 3.45ms, IR: 1100ms, FA:7°. Images were analyzed 
by four trained neuroradiologists to exclude visible abnormalities or 
head movement artifacts.

Surface-Based Morphometry

The FreeSurfer analysis suite (vFS5.1.0 release, (http://surfer.nmr.
mgh.harvard.edu/) was used to derive models of the cortical surface 
in each T1-weighted image. These well-validated and fully automated 
procedures have been extensively described elsewhere [43]. Briefly, a 
single filled white matter volume was generated for each hemisphere 
after intensity normalization, skull stripping, and image segmentation 
using a connected components algorithm. Then, a surface tessellation 
was generated for each white matter volume by fitting a deformable 
template. This process resulted in a triangular cortical mesh for 
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gray and white matter surfaces consisting of approximately 150,000 
vertices (i.e., points) per hemisphere. Measures of cortical thickness 
were computed as the closest distance from the gray and white matter 
boundary to the gray matter and cerebrospinal fluid boundary at each 
vertex on the tessellated surface. Thickness data was smoothed using a 
10-mm surface-based smoothing kernel.

Data analysis

Statistical surface maps were generated by computing a General 
Linear Model (GLM) of the effects of each motor manual performance 
variable (independent variable) on cortical thickness (dependent 
variable) at each vertex in the cortical mantle controlling for the effects 
of age, sex and education, using the QDEC interface of FreeSurfer 
(http://surfer.nmr.mgh.harvard.edu/fswiki/Qdec). Corrections for 
multiple comparisons across the whole brain were performed using 
False Discovery Rate (FDR) with the expected proportion of false 
positives set at a level of p<0.05. The False Discovery Rate (FDR) is a 
method of conceptualizing the rate of type I errors in null hypothesis 
testing when conducting multiple comparisons.

Results
The characteristics of the studied sample (n=303) are shown in 

Table 1. The mean age was 71.5 years (range 58-102 years) and 70% 
were women; 29% of the sample had never been to school and most 
of the participants (i.e., 69%) had between 1 and 4 years of formal 
education. The mean number of years of formal education was 
4.39±3.50 years. The mean of the higher value for the right handgrip 
was 30.3±9.9 kgf, and for the left handgrip, the mean was 28.6±8.9) 

kgf. The mean of the right hand PB was 11.0±2.7, and that for the left 
hand PB was 10.1±2.4.

The analyses of QDEC within the whole sample of right-handed 
older adults revealed that there was positive significant association 
(False discovery rate /FDR <0.05) between left cortical thickness and 
right-hand dexterity, particularly in areas related to manual function: 
superior parietal, insula, postcentral and superior frontal (Table 2).

There was also a positive association (FDR corrected, p< 
0.05) between right cortical thickness and right-hand dexterity in 
some areas as inferior parietal, precentral, superior temporal and 
superior frontal gyrus, insula and precuneus (FDR corrected p<0.05)            
(Table 3 and Figure 1).

Cortical thickness and right-hand dexterity revealed significantly 
positively association in the large significant cluster of left insula 
(Figures 2 & 3).

No significant correlations were observed between the left-hand 
dexterity (non-dominant hand) evaluated by pegboard was correlated 
and right or left cortical thickness. We also tested whether cortical 
thickness was associated with right and left handgrip strength in the 
same way. No association was observed between cortical thickness 
and handgrip strength regardless of the years of education or age.

Table 1: Demographical information of the studied sample, n=303.

Variable Mean (SD)

Age, years (SD) 71.5 (8.65)

Women, No. (%) 209 (70)

Mini Mental Sate Examination score 25.3 (4.46)

Formal education, No. (%)

Never been to school 29  (9.8)

1-4 195 (65.6)

5-8 years 45 (18.5)

9 or more 30 (10.1)

Pegboard right hand(mean) 11.0 (2.70)

Pegboard left hand(mean) 10.1 (2.44)

Right handgrip force (mean/highest value) 30.3 (9.27)

Left handgrip force (mean/highest value) 28.6 (8.83)

Values indicate means and (standard deviations) unless specified otherwise.

Table 2: Regions with a significant positive correlation between left cortical 
thickness and right hand dexterity (FDR corrected, p <0.05).

Region Tal x Tal y Tal z t-value

Insula -22.01 -3.87 -5.66 5.33

Superior parietal -4.48 -63.03 44.44 4.65

Postcentral -31.06 10.62 -3.76 4.41

Superior frontal -30.13 49.67 44.94 4.1

*All analyses are adjusted for age, sex and years of education.

Table 3: Regions with a significant positive correlation between right cortical 
thickness and right hand dexterity (FDR corrected, p <0.05).

Region Tal x Tal y Tal z t-value

Inferior parietal 0.2 -90.1 8.51 5.21

Precuneus 23.54 -63.11 -8.14 5.11

Superior frontal 31.28 35.59 39.5 4.72

Precentral 24.7 32.65 25.46 4.35

Superior temporal 34.23 -7.79 -15.72 4.01

Insula 22.29 -0.07 -5.86 3.77

Precentral 4.77 7.6 62.73 3.84

*All analyses are adjusted for age, sex and years of education.

Figure 1: Increased right hand dexterity was associated with thicker cortices 
in portions of the A) left superior parietal gyrus, insula, postcentral and 
superior frontal gyrus and of the B) right inferior parietal, precentral, superior 
temporal and superior frontal gyrus and also in insula and precuneus (FDR 
corrected p<0.05).
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Discussion
We investigated the correlation between motor manual 

performance (handgrip strength and dexterity) and cortical thickness 
particularly in areas related to manual function (pre-central central, 
middle temporal and left posterior parietal areas) in older adults who 
were recruited from SABE (Health, Wellbeing and Ageing, 2010). 
Our findings supported our neuroanatomical hypothesis that older 
adults with greater dexterity would present thicker contralateral 
cortices in the pre-central and posterior intraparietal areas, but these 
results were confirmed only for the dominant hand (FDR<0.05). 
These data could suggest a specialization mechanism during life. We 
also observed a significant positive correlation between ipsilateral 
cortical thickness and right hand dexterity regardless of age, sex or 
years of formal education. No association was observed between 
cortical thickness and handgrip strength regardless of years of formal 
education, age, sex, and hand assessed, as we hypothesized.

Although we observed an increase in cortical thickness in selected 
areas related to specific skills, dexterity can change the structural gray 
matter regardless of aging and the type of motor activity performed 
during life. It is possible that these transformations can be maintained 
by macroscopic alterations based on changes at the synaptic level; the 
skills learned during life form new networks of neurons that could 
even be reduced if not encouraged, but still present; or they can still 
include increased numbers of glial cells or even neuronal cells [44]. 
Recent research confirmed that plasticity is accompanied by the 
activity of glial cells, especially astrocytes. It can influence the activity 

and survival of neurons due to its ability to monitor the constituents 
of the extracellular space and absorb excess neurotransmitter 
synthesizing neuroactive molecules [45].  

An important technical aspect of our study deserves a comment: 
most studies investigate cortical volume changes instead of cortical 
thickness. We used cortical thickness and surface-based methods 
since this approach has been shown to have better performance and 
similarities compared to cortical volume measures and even genetic 
heritability [46,47].

Although published studies have indicated an asymmetric and 
regionally accentuated decline in gray matter thickness [48,49] 
and the atrophy of motor cortical regions [22,50,51] as a result of 
aging, our data suggested that motor skill ability in right-handed 
persons could be a protective factor for the effects of aging in cortical 
thickness. These findings could be partially interpreted as a response 
to environmental demands [29,52] and they also provide indirect 
evidence for the HAROLD model in that a dynamic asymmetry 
between the dominant and non-dominant hand and the continuous 
demand during life requirements could represent a protective factor 
against loss of function [25].

The correlation found between left cortical thickness and the 
Pegboard test for dominant hand is in agreement with functional 
imaging studies revealing that the activation of the motor area to the 
moving hand is asymmetric mainly when simple tasks are executed 
[53-55], which reflected the stronger involvement of the left versus 
right hemisphere in performing demanding motor tasks. According 
to van den Berg, these asymmetries were most consistently reported 
for areas upstream from the cerebral cortex (M1) and parietal and 
premotor regions, which is likely because functional imaging offers 
only limited sensitivity for studying M1. Similarly, Rose et al., [56] 
have shown leftward gray matter density asymmetry for right-handed 
subjects within the pre-central gyrus hand representation area. This 
region has several major white matter interhemispheric connections 
to the brain stem, thalamus, cerebellum, postcentral, caudal middle 
and superior frontal and inferior parietal corticomotor regions 
and corticospinal tracts that were significantly higher in the left 
hemisphere compared with the right one. The involvement of these 
brain regions and hand ability skills can be explained by the fact that 
all dexterity depends on a sustained and rapid transfer of sensorimotor 
information between M1 (corticospinal neuron originating from the 
supplementary motor area, anterior cingulate, postarcuate, parietal 
and insular cortex) and the cervical spinal cord. In fact, M1 is not the 
only region controlling motor output. Motor representations can be 
found in other areas, such as the premotor cortex, the supplementary 
motor area, and the cingulate motor cortex and their neurons send 
projections to the spinal cord [57].

Our cohort of older adults showed increased cortical thickness 
not only in the left superior parietal lobe, similarly to what was 
observed in Draganski and Boyle`s study, but also in the ipsilateral 
side when right hand pegboard performance (dominant hand) was 
analyzed. This association has been observed across many different 
brain regions that are involved in manipulative manual dexterity. 
The Superior Parietal Lobe (SPL) is among these areas, and it has a 
crucial role in the visual guidance of action [58]. The anterior region 
of the inferior parietal lobe which area we found large clusters seems 
to integrate visual and somatosensory information which is in 

Figure 2: Scatterplot of the association between right hand peg board 
(dexterity) and cortical thickness in left insula.

Figure 3: Scatterplot of the association between right hand pegboard 
(dexterity) and cortical thickness in right inferior parietal.
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agreement with the significant association that was observed with the 
Pegboard test [59,60]. The positive correlation observed between the 
right Pegboard test and ipsilateral cortical thickness reinforces the 
hypothesis of the loss of laterality with aging in the ipsilateral side 
[61,62]. However, this could not be confirmed in our cohort because 
our sample did not include younger volunteers. In fact, some authors 
suggested that additional brain areas are positively associated with 
task performance, which is a compensatory mechanism for age-
related brain structural and biochemical declines [21,62-64] and 
another authors suggested that brain structure–function become less 
precise with age, recruiting additional regions of the brain compared 
to young adults [65,66].

Although recent research suggests that age-related neural 
dedifferentiation is reduced in older adults in several motor control 
areas, including the primary motor cortex, the supplementary 
motor area and insula, we observed significant positive relationships 
between thicker areas such as insula (large clusters), postcentral 
gyrus, superior frontal area and right hand dexterity [67]. Our results 
were supported by studies which showed that the neuronal tracts 
controlling manual dexterity originate from cortical regions in the 
frontal lobe and include the supplementary motor area, anterior 
cingulate, and post-arcuate gyrus, as well as the parietal and insular 
cortices suggested that hyper-activations were present in several 
brain regions, areas involved in sensory processing and integration, 
such as insula cortices, frontal operculum, superior temporal gyrus, 
supramarginal gyrus and the secondary somatosensory area [68,69].

Additionally, several studies have shown age differences in 
gray matter volume in the pre- and postcentral gyrus for older 
adults, in prefrontal and parietal cortices. Although we have 
measured thickness, not volume, this aspect can be relevant to 
motor performance deficits in old age since motor control is more 
dependent on higher hierarchical motor regions [48]. This fact could 
suggest that improved dexterity is related to a positive adaptation. 
Similarly, our data revealed a positive association between right hand 
dexterity with left postcentral and right precentral gyrus cortical 
thickness. The anatomical changes found in superior frontal areas 
can be related to previous findings showing that the lateral and 
posterior portion of the left Superior Frontal Gyrus (SFG) is a key 
component of the neural network. This region is involved in tasks 
requiring the highest level of executive processing, and it is also 
involved in spatially oriented processing [70]. Additionally, SFG has 
an important role in the bilateral control of complex movements and 
in bimanual coordination that is the supplementary motor area [71].

Our cohort of adults ages 60 years and older showed thickening 
in the same area known for processing and the storage of complex 
visual motion [29,52,72,73]. However, a positive and significant 
association was observed between dominant hand and right superior 
temporal thickness.

Although previous studies reported that advancing age was 
associated with greater task-related activation in the right (ipsilateral) 
primary Motor Cortex (M1), our results do not show a correlation 
between handgrip and gyro-precentral (primary Motor Cortex (M1) 
of the dominant or non-dominant hand in right-handed older adults 
[21,61]. The last author has been attributed the result to a putative 
reduction in Interhemispheric Inhibition (IHI) between the motor 
cortices in older subjects and the linear increase in Blood Oxygen 

Level Dependent (BOLD) signal normally observed with parametric 
increases in peak grip force in the contralateral motor cortex that 
diminishes with age. The possible reason for our results is that in 
older brains, inputs to M1 could be insufficient to increase output to 
spinal cord motor neurons when higher grip forces are required [74]. 
In normal primates rostral PMv (area F5) has dense connections to 
M1 and it is able to enhance M1 output to upper limb spinal cord 
motor neurons [75,76]. Fathi et al., [77] reported that in older adults, 
electrical stimulation of the median nerve does not result in increased 
amplitude of the motor-evoked potential differs between young and 
middle age individuals. These findings have shown that aging results 
in reduced motor cortical excitability, a loss of functional asymmetry 
and reduced cortical plasticity.

Talelli et al., [78] investigated whether aspects of brain activity 
during a motor task (handgrip) were influenced not only by age 
but also by neurophysiological parameters of the motor cortex 
contralateral to the moving hand. They observed that advancing 
age was associated with greater task-related activation in the right 
(ipsilateral) primary Motor Cortex (M1) during gripping with the 
right hand, and left ventral premotor cortex was greater in older 
subjects and in those in whom contralateral M1 was less responsive 
to TMS stimulation.

Conversely, cortical regions showing activity when stimulated 
may not necessarily be recruited when performing a unimanual 
task according to Bernard. A greater number of ipsilateral Motor 
Evoked Potentials (iMEPS) were elicited in less lateralized individuals 
when the number of iMEPS was correlated with the duration of 
interhemispheric transfer [79].

Consistent with our results, it was recently shown that the 
development of skilled forelimb movements, but not increased 
forelimb strength, was associated with a reorganization of forelimb 
movement representations within rat motor cortex [80]. According 
to Otten [81], the strength was related to neural pathway connectivity 
particularly between the primary motor cortex and supplementary 
motor area and the difference was driven mostly by decreases in 
interhemispheric connectivity between the left and right primary 
motor cortex, but our method was not sensitive enough to detect this 
difference.

Another interesting possibility is that corticospinal projections 
directly from the medially located supplementary motor area (M2) 
to the spinal cord lamina-containing neurons could also play a role 
in maintaining handgrip forces, an alteration that might be too subtle 
to be detected in our approach [82]. Additionally, a recent study 
confirmed the significant positive association between hand motor 
performance (grip force and manual dexterity) with cerebellar gray 
matter in healthy older adults using several other methods including 
functional magnetic resonance imaging (fMRI) and BOLD activity 
[83]. On the other hand, Ward and colleagues [84] investigated the 
effects of aging on the fMRI blood oxygen level, and observed that 
the motor cortex of older adults is less able to increase activity when 
increased handgrip force is required. All of these findings could 
explain the loss of relationship between HG and cortical thickness 
in our study.

Considering the whole motor system involved in handgrip task, 
one could argue if the handgrip strength changes could also be 
related peripheral adaptations due to the recruitment of limb motor 
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units, therefore the force changes might not be reflected in cortical 
thickness. The results of these peripheral changes on handgrip were 
not assessed in our analysis [85]. Thus, a possible shift in muscle fiber 
properties with a greater proportion of slower fibers in most muscles 
could not be detected, a factor that suggest that our method may lack 
sufficient sensitivity if one considers whole motor system [86].

For the purpose of comparison with other studies, one limitation 
of our results is the transversal design (single cohort observation). 
Because it was not a longitudinal study, we cannot assess whether 
subjects acquired skills or were trained in hand tasks for this specific 
study. In that sense, findings associating the acquisition of new motor 
skills - such as the ones reported by Draganski and Boyle and changes 
in the structure of the brain are not directly comparable. Another 
point to consider is that juggling seems to be a more complex task 
compared to the Purdue Pegboard Test. Our findings related to the 
correlation observed between cortical thickness and the pegboard 
test might also have been modulated by exercise demands during 
participants’ life time and that we can improve and keep these new 
neurons [87]. Physical activity and learning a new skill seem to be 
the output [30,39]. Our results indicated that structural changes are 
detectable by MRI [1]. 
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